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ANATYSIS OF LOW TEMPERATURE TRAPPING AND
RECOMBINATION IN II-VI COMPOUNDS USING

PHOTODIELECTRIC TECHNIQUES

ABSTRACT

In ITI-VI compounds at cryogenic temperatures, the photo-
dielectric (PD) effect is the result of optically-induced changes in the
densities of free and trapped carriers. Changes in both the real and
imaginary parts of the complex dielectric constant are observable when
the semiconductor is placed in a superconducting microwave cavity and
irradiated with light. A change in the real part of the dielectric
constant results in a sizeable change in the cavity resonant frequency,
while a change in the imaginary part of the dielectric constant produces
a change in the microwave power absorbed by the semiconductor. Eguations
are presented which relate the frequency change and power absorption
change to the densities and binding energies of trapped carriers, and
to the density of free carriers. The PD technique gives a direct
measurement of both the free carrier density and the trapped carrier
density.

Models invelving trapping and recombination centers with

selected properties are analyzed to reveal the relations between carrier
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densities and other physical characteristics of the sam@le. Equations
are written in forms which allow capture cross sections, recombination
cross sections, tfap'idnization energies, and trap densities to be
calculated from the time and temperature variations of the free and
traﬁped carrier densities.

Samples of CdS:Al, CdS:Ag, CdTe, and ZnTe are analyzed, both
with PD techniques and with other technigues such as thermally stimulated
conductivity, and values for trap depths, densities, and capture cross
sections are obtained and compared. In most cases where a comparison of
methods is possible, results from the different techniques agree. In the
remainder of the cases, photodielectrip data, which gives a direct observa-
tion of trapped carriéf behavior, gives significantly improved accuracy
compared to the other techniques where trapped carrier behavior is
only obtained indirectly. VResults presented demonstrate that PD response
spectra yield values for bandgaps and trap ionization energies. The
time variation of the photodielectric response is used to reveal several
traps which exist in one sample, and to separate trapped carrier effects
from free carrier behavior. The direct observation of trap filling and
emptying yields sufficient data to calculate trap depths, densities, and
cross sections. The temperature dependence of the PD response gives add-
itional information concerning trap ionization energies and cross sections.
Data from the wvariation of the résponse with respeet to light intensity
greatly simplifies the choice of an energy band model.

It is demonstrated that in some cases, a photodielectric
experiment is clearly more sensitive than other techniques, such as
photoconductivity analysis, applied to the same material. The PD method

is contactless, eliminating all of the problems associated with making



iv
ohmic contacts. The successful application of PD techniques to a
powdered sample is demonstrated. Even when the PD method is applied
to single crystal samples, the fact that the behavior of trapped
carriers is directly observed means that the method greatly improves
an experimenter's ability to analyze and measure trapping and recom-

bination parameters.
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CHAPTER I

INTRODUCTION

METHODS OF STUDYING CARRIER DYNAMICS

The recombination and trapping dynamics of semiconductors and
insulators determine the behavior o fmany solid state devices. TFor ex-
ample, the operation of photocells, radiation detectors, semiconductor
lasers, and luminescent phosphors, as well as junction devices, such as
transistors and diodes, is very sensitive to the type, density, ioniza-
tion energy, and capture cross section of localized imperfections. At~
tempts to improve existing solid state devices or to create new ones are
therefore certain to involve a study of the imperfection sites.

No single universal method exists for analyzing defect sites.
Dozens of different experimental techniques have been put to use under
various circumstances, but all are subject to restrictions in the type
of sample, sensitivity and applicability of the measurement equipment,
and in theoretical considerations. Bu.bel lists some of the schemes which
are commonly gpplied in trapping and recombination studies; they may be
divided into two groups, depending on whether direct electrical contact
to the sample is made. In many cases, an experiment requiring ohmic con-
tact 1s phenomenologically similar to one of the contactless procedures.

When ohmic contact may be made to a sample, some standard meas-~
urements are the variation of current with temperature, Hall effect,
growth and decay of photoconductivity, thermally stimulated conductivity,
photoconductivity spectra and quenching of conductivity, variation of
photosensitivity with temperature or light intensity, space charge lim~

ited current dependence on voltage, and others. The variation of current

1



with temperature is a widely used method of determining donor and
acceptor energies and the bandgap. The rate of ionization from a
level to one of the bands is related to the Boltzmann factor, e—E/kT.
Tubota2 and Segall, et al.3 show that many of the acceptor levels
found in ZnTe and CdTe are obtained using this technique. Materials
must be relatively free of traps so that ionigzation of the donor
or acceptor is not masked. Either the Hall effect or the Seebeck
thermoelectric effect may be used to determine the conductivity
type of the thermally freed carrier.

| An analysis of the growth and decay of photoconductivity is
the subject of three chapters of reference 1 by Bube. The rate
equations for the interactions of carriers at various energy levels
are obtained and are generally nonlinear and guite difficult to
work with until considerably simplified for special cases. If a
suitable model describing the states in the forbidden band is chosen,
Bube, et al.u show that it is often possible to calculate imperfection
densities and capture cross sections for the model. However, since
the conductivity measurement only gives an indirect look at the
behavior of trapped carriers, the selection of a proper model is
subject to considerable error. It is often the case that several
different models involving different trap distributions can affect
the photoconductivity in identical ways.

The thermally stimulated conductivity technique (TSC),

described by Haering and Adams5 and Bube, et a1.6, is probably the most
popular method of studying traps, but the interpretation of results is

often made difficult when closely spaced levels and donors and acceptors

exist in the sample. The traps are filled at a low temperature, and the



amount of thermally stimulated conductivity during warming is related to
the rate of trap emptying and the recombinagtion lifetime. Only a frac-
tion of the forbidden band may be surveyed because of temperature limita-
tions at both extremes. Other disadvantages of the technique are that
properties of the trap can only be evaluated at one temperature, and the
failure to know the degree of saturation of a trap can lead to errors in
the results. In more favorable situations, however, TSC yields the
depth, capture cross sections and approximate density of a trap.

The direct ionization energy of any level may be found by ob-
serving a photoconductivity spectrum and relating the photon energy to
the ionization energy. The depth of a gquenching level is found in the
same manner from a spectrum of photoconductivity quenching. Data from

T

Lambe, et al. and Hemila and Bu.be8 shows that neither technique is very
sensitive unless the absorption is strong and the lifetime or response
time is long enough to insure an observable free carrier density change.
Peaks tend to spread, and therefore may be difficult to locate, when the
light is not monochromatic or when phonon gborption or emission 1s a part
of the transition. In general, very accurate values for the ionization
energy are obtained, bubt calculation of other parameters of the level is
not possible. The measurement is usually insensitive to imperfections
with small densities.

Variations in photosensitivity do/dT with changes in light in-
tensity or temperature can be analyzed to locate carrier traps. When
traps become filled, any given site is more likely to act as a recombina-

tion center than a trap; the Fermi level rises. The trap is located by

calculating the Fermi level when the sensitivity changes. For best



results, the level should be monoenergetic since the movement of the Fermi
level through a random distribution of traps is not easily analyzed.

9

Rose” gives a complete treatment of the relation between a dis-
tribution of traps and the variation of the space charge limited current
in the crystal when the applied field and temperature are varied. The
current is related to the charge required to fill the traps, and thus de-
pends on the characteristics of the traps. The result is that simple trap
distributions give easily recognized effects, and the total trap density
may be estimated. It is also possible to find the depth of a single level.
For complex distributions, the analysis is extremely complex, and hence
this technique has not been widely used.

The experiments discussed above all have a common drawback: the
need for ohmic contacts. In general, it is not easy to make ohmic contact
to II-VI compoundsl. For example, neutral contact to CdS reliably occurs
only with In and Ga metals, which both melt at relatively low temperatures.
In some instances, contacts of Al are also ohmic, and forming techniques
frequently work. It is always necessary to test the contact to insure it
behaves as expected. The difficulty of making ohmic cbntact to p-CdTe and
ZnTe at low temperatures is well documented by Aven and‘SegalllO and
Schiozawa, et al.ll. Furthermore, most of the II-VI compounds have very
high resistivities at low temperatures, making characterization of the
contacts difficult.

Methods requiring ohmic contacts are not easily applied to ir-
regularly shaped crystals or to powders. Thus, some samples are analyzed

using primarily the contactless methods. In samples which produce lumi-

nescence, very accurate measurements of energetic transitions are obtained



by relating the optical wavelength to the photon energy. When this tech-
nique may be used, very precise values of binding energies result, and it
is also possible to determine the nature of the defect responsible for

the emission. For example, Lambelg’13

studied the effects of silver in
Cds, Kulp, et al.lh mapped the variation of binding energy in CdS due to
temperature changes, and Blount, et al.15 investigated effects of anneal-
ing in ZnS, all using luminescence data. Halstedl6 derived the expected
ionization energies of various combinations of carriers bound at imper-
fections, using the hydrogen atom approximation, and applied the results
to interpreting edge emission in ITI-VI compounds.

7

Garlick and Gibson™ ' wused thermally stimulated luminescence ex-
periments to study trapping in sulfide and silicate phosphors. This tech-
nique is analogous to TSC, and hag an advantage over luminescence spectra
experiments in that the attempt-to-escape frequency of the trap may be
found, and it is possible to judge whether retrapping at the luminescence
center is important. Similarly, quenching of luminescence is analogous to
photoconductivity quenching (see BroserlB, for example), and fluorescence
growth and decay curves are analyzed in a manner similar to the investiga-
tion of photoconductivity growth and decale.

Although luminescence data yields valuable results in studying
certain samples, there are many situations where these techniques are of
little value. There is no simple method of finding densities of levels
and their cross sections, and if the crystal exhibits a low fluorescence
efficiency due to a relatively high degree of imperfection or due to the
presence of "killer centers" (which allow the energy to decay in multi-
phonon processes rather than being emitted as photons), little or no lumi-

18

nescence results™ .



The absorption of light may be considered the inverse of lumi-
nescence, and absorption spectra may be analyzed in ways similar to those

19

used to evaluate luminescence data. BSegall™ and Marpleeo have developed
the relationships between the absorption coefficient and transition ener-
gies and applied them to CdTe in the absorption edge region. Lambe, et

1

al. and Halperin and Garlick2l have used absorption measurements to in-
vestigate deeper levels. A related experiment is the measurement of re-
flectivity spectra, and Bu‘be22 has shown that this method is applicable to
powders. Absorption and reflectivity curves do not yield values for den-
sities and cross sections, and tend to be insensitive for levels with small
concentrations.

From the preceding section, it should be clear that all of the
standard experimental methods of analyzing trapping and recombination in
II-VI compounds suffer from one or more disadvantages, and several of the
techniques must be applied to a sample to extract all of the trapping and
recombination parameters. Recent interest in the photodielectric effect,

stimulated by Hartwig and co—workergoo 30

, brought about this study of the
use of the low temperature photodielectric effect as an alternate method
of measuring trapping and recombination parameters in II-VI compounds.

HISTORY OF THE PHOTODIELECTRIC EFFECT

Before 1960, very little was known about the photodielectric
effect in semiconductors and insulators. The experiments performed up to
that time are summarized by Bubel. He lists three hypotheses used to ex-
plain apparent changes in the dielectric constants of photosensitive ma-
terials: (1) It is simply another way to detect a conductivity increase,

with the enhanced conductivity effectively lessening the distance between



the plates of a dielectric filled capacitor and making it appear that a
dielectric change has occurred. (2) It is a real dielectric constant
change brought about by an increase in the sample polarizability as would
occur when electrons are trapped. (3) It is a real change in the dielec-
tric constant of non-single-crystal samples due to the existence of space
charge trapped at grain boundaries.

Fach theory had its supporters, although few experimenters
found it desirable to perform the experiments. Measurements on CdS crys-

tals by Kallman, et al.3l’32

led them to adopt the first theory because
the capacitance change they observed decayed rapidly even though a deep
trap existed. Broser, Brum, and Reu'ber33 arrived at the same conclusion
using CdS and meking measurements at T8°K and 300 kHz; the results are
explained with an equivalent circuit consisting of two capacitors and two

34

photoresistors. Garlick and Gibson found evidence for the second hypothe-

sis in several powdered phosphors, including 7ZnS, but failed to observe

35 then concluded

any change in single crystals of 7ZnS and CdS. Garlick
that photodielectric changes occurred only in powders.
These early experiments suffered from lack of sensitivity due
to the low measurement frequencies and high temperatures used. In 1961,
Hartwig23 and Genzeu proposed use of the photodielectric effect at higher
frequencies to detect infrared light. Experiments performed with Si and
Ge samples in a 400 MHz coaxial cavity operated at TT7°K revealed that the
thermally generated carriers masked the effects of optically generated

pl

carriers. Arndt2 then repeated the attempts to observe a photodielec-
tric effect in semiconductors, and succeeded by using a superconducting

cavity operating at 4.2°K. Stone26 increased the measurement frequency



to nv 1 GHz and demonstrated a wide band optical detector and a tuneable
tunnel diode oscillator, both relying on the photodielectric effect. More
recently, work by Hinds27 has been directed at improving detector sensi-
tivity by using CdS as the active material, and Baker28 thoroughly inves-
tigated means of characterizing the semiconductor sample in terms of ma~
terial parameters pertinent to the photodielectric effect. Hartwig and

29

Hinds described the direct observation of electron trapping in CdS,
and Stone, Hartwig and Baker30 reported the use of the photodielectric ef-
fect in an optical feedback tuning system for a superconducting cavity.
Since carrier trapping effects were clearly seen in reference
27 and 29, it was felt that the photodielectric detector system could be
used as a research tool in place of some of the standard methods of mea-
suring trapping and recombination mentioned previously. The purpose of
the work reported herein is to investigate the use of photodielectric
techniques in analyzing low temperature trapping and recombination in ITI-
VI compounds, and to compare photodielectric methods with the standard
methods. ©Bome of the pertinent characteristics of II-VI compounds, ex-
pected to have a bearing on the outcome, are listed in’the following sec-

tions.

PROPERTIES OF CdS

Cadmium sulfide is probably the most widely studied II-VI com-

pound. It exists mainly in the hexagonal wurtzite structure36 and always

exhibits n-type conductivity37

because acceptor defects tend to be compen-
sated by native defects. The hexagonal structure causes the energy bands
to be anisotropic at k = 0 and, therefore, most of the transport properties

are anisotropic. Some properties are listed in Table I-1, andyaverage

values are taken for the anisotropic parameters.
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Donor and defect levels have been reported throughout the for—
bidden band (see Devlin28). The large number of levels observed and the
tendency of the material to form defect centers have prevented correlat-
ing most of the levels with types of defects. Undoubtedly, the most im-
portant defect characteristic of CdS is the compensated acceptor which
normally acts as a hole trap. It appears about 1 eV above the valence
band, but this apparently varies from sample to sample; it is generally
attributed to either a Cd vacancy or Cd vacancy-impurity complex, accord-
ing to Bube39. Other levels often seen are given in Table I-2 with the
probable defect involved.

The compensated acceptor level is the key to the high photosen-
sitivity of CdS and similar materials. When it results from a cation va-
cancy, it initially has a double negative charge and therefore has a very
large capture cross section for holes and small subsequent capture cro%S
section for electronsl. The great difference in capture cross sections
greatly hinders the recombination process, resulting in long free electron
lifetimes and enhanced photosensitivity. For this reason, many observers
also refer to this type of center as a sensitizing center. The level 1is

normally compensated at room temperature, and Kulpho, and Litton and

ha,k2

Reynolds show that excitation of electrons from the level is achieved
with sub-bandgap light.

The sensitizing center is responsible for three effects seen in
Cd8. In some crystals at low temperatures, the acceptor levels have a
large density compared to deep electron traps. FPhotogenerated holes are

permanently trapped, and after the electron traps saturate, a very high

density of free electrons results. For reasons which are not clear,
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recombination does not take place, and free electrons may be "stored" in

the conduction band; samples which exhibit this behavior are called stor-

ko

age crystals. Examples of this behavior are presented by Kulp and

Eastman and Brodieh3.

Some CdS crystals display the tap effect, which is the emission
of luminescence and a sharp reduction in conductivity when the crystal is
mechanically stimulatedho}hl. The reason for this behavior is still open
to discussionl6, but the most widely accepted explanation is that the tap
generates a sufficient quantity of phonons to free holes from the sensi-
tizing center and make them available for radiative recombination with

27,40

trapped electrons Infrared quenching is a related phenomenon in

which the holes are optically freed from the sensitizing center, producing

45

the blue and green luminescence seen by Lambe and Klick and reducing the
conductivity8. Woodsh6 has shown that photosensitivity may be increased

by heating CdS in a vacuum, increasing the density of sensitizing centers.

PROPERTIES OF CdTe

Cadmium telluride normally crystallizes in the cubic zincblende

k7

structure ', may be doped to give either conductivity type and is the most

pure II-VI compound availableh8. There has been considerable discussion
about whether the conduction band minimum lies at k = 0, but most of the
evidence favors the existence of a direct gap38. Values of the transport
properties are listed in Table I-1.

Native defect levels tend to dominate in the behavior of high
purity CdTe, and several experimenters agree that singly and doubly ion-

ized cadmium vacancies both introduce acceptor levels, although there is

disagreement about the energies of the levels (see Table I-2). "Killer"
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centers of unknown origin tend to exist near the middle of the forbidden

band; they act as recombination centers and limit the efficiency of lumi-

37

nescence processes” . Measurements requiring ohmic contact are hindered
by the fact that low resistance contacts to p-type CdTe have not been
37

achieved™" .

PROPERTIES OF ZnTe

Zinc telluride usually crystallizes in the zincblende crystal

ol and is normally p-type, although high resistivity n-type crystals

have been reported38. It is probably the least studied IT-VI compound be-

cause it is not very photosensitive. According to Aven and Segalllo and

form

Shiozawa, et al.ll, contacts to ZnTe tend to become non-ohmic for tempera-
tures below 100°K. Donors in ZnTe tend to be completely compensated by
holes from singly and doubly ionized Zn vacancies37. The quantum effi-
ciency of luminescence processes is usually quite low, and emission may
be completely quenched at room temperature37.

Transport properties of ZnTe are listed in Table I-1 and some
commonly seen defect levels are given in Table I-2. As in the case of
CdTe, there is a lack of agreement on the energies of sites due to Zn

vacancies, but the presence of two such levels is widely accepted.

OTHER II-VI COMPOUNDS

Cadmium selenide has not been widely studied because its behav-

ior is very similar to the behavior of CdS38. It is always n-type and

crystallizes in the wurtzite structure. Both ZnS and ZnSe are commonly

~
grown in both the wurtzite and zincblende crystal forms, and may be made

38

either n-type or p-type™ . These two materials are very similar to each

other in most ways, differing mainly in the values of their transport
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properties. Furthermore, the behavior of the zine and cadmium sulfides
and selenides are generally more similar than dissimilar38’39.

Because of these overall’similarities, CdS was chosen as a
representative of the group of ZnS, CdS, ZnSe, and CdSe for the studies
reported herein. The behavior of CdS is considered the most interesting
because of its ability to display the storage, tap, and quenching effects.
ZnTe and CdTe samples were also selected for testing because of their
tendency to be p-type, because they often respond unfavorably in tests re-

quiring ohmic contacts, and because their general photostimulated behavior

differs from the behaviors of the other four II-VI compounds.



CHAPTER II

Theory of Photodielectric Measurements

INTRODUCTION

Several detailed papers are available which treat various aspects

of the photodielectric study of semiconductors. Arndt25

analyzed the cav-
ity perturbation model to describe the effects of changes in the complex
dielectric constant on the behavior of a re-entrant coaxial cavity contain-
ing the semiconductor. Hartwig23, Arndt25, and Stone26 derived and
applied the relations describing how the existence of excess free carriers
in the semiconductor affects the dielectric constant, énd Baker28
extended these investigations to allow calculation of the filling factor
of the sample and measurement of the sample relaxation time. HindsQT
analyzed the relations between bound carriers and the complex dielectric
constant. The following consists of a brief summary of the essential
results of these reports, laying the groundwork for the analysis to follow.
The reader seeking more details is advised to refer to the references

given above.

MICROWAVE CAVITY BEHAVIOR

A sensitive scheme for observing photodielectric effects in
semiconductors, originally proposed by Hartwig23 and Genzgh, is to place
the semiconductor sample in the high field region of a microwave cavity
and monitor the resonant frequency and relative amount of microwave
power absorbed by the sample. A re-entrant cavity was chosen because of
the favorable geometry; a full size cutaway view of the cavity used to
make the measurements reported here is shown in Fig. IV-2. The cavity may

be viewed as a length of transmission line with one end shorted and the

15
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other end capacitively terminated. The resonant frequency is determined
by both the characteristic impedance of the line and by the capacitive
termination. It is clear that changing the dielectric constant of the
capacitance, either by introducing a semiconductor wafer or changing Er
for the semiconductor, changes the cavity resonant frequency and the
relative amount of energy absorbed by the termination. Arndt25 used
a cavity perturbation model to calculate the effects of changes in the
semiconductor dielectric constant on the cavity behavior, and his
primary results are given here with the necessary assumptions involved.

When a semiconductor sample is first placed in the cavity, the
resonant fregueney will change by the amount
af (eo—el)fVSEoEldV + (ul—uo)fVSHOHldV

£, " 5 [2.1]
IVC(EOEO + uOHO)dV

Here, f is the frequency, € is the dielectric constant, u is the permea-
bility, E is the electric field, H is the magnetic field, VS is the sample
volume, Vc is the cavity volume, the subscript O refers to values before
the sample is included, and 1 refers to values with the sample in place.
Assumptions are that VS <<VC and the sample only slightly alters the
fields and the frequency.

The ratio of integrals on the right side of equation [2.1]
is a measure of the fraction of the electromagnetic energy in the cavity
which is stored in the sample. This factor is commonly called the geometry
factor or filling factor, and is represented by the symbol G. Thus,

equation [2.1] is rewritten
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5 = G [2.2]

The geometry factor is not easily calculated from the results of the cavity
. 2 . s . R

perturbation model. Baker 8 used a transmission line model of the cavity-

sample system to calculate an expression for G in terms of the sample

and cavity parameters,

cos2 ™
2f
_ b o
G=_"o F p [2.3]
e AZ w2f2 |1 + "o sin —
(o ) — £
nf o

where fo is the unloaded cavity frequency, f is the loaded cavity fre-
quency, b is the sample thickness, A is its area, and ZO is the character-
istic impedance of the cavity.

The filling factor G may either be calculated using Eq. [2.3]
or measured, using Eq. [2.2]. Baker28 found that the calculated wvalue
tended to be somewhat higher than the measured value and concluded that
the assumptions used in the perturbation method may be invalid when
measuring the G factor of large samples. On the other hand, the magni-
tude of the term in brackevs in Eq. [2.3] is very sensitive to small
changes in the two frequencies. It is possible than an inaccuracy
involved in determining fo’ which must be calculated from the dimensions
of the cavity, ignoring the presence of coupling ports or probes, could
easily account for the difference between theory and observation. The
best method of accurately finding G still appears to be the perturbation
measurement.

Once G is known, changes in the sample dielectric constant may

be related to changes in the cavity resonant frequency and changes in
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the relative amount of microwave power absorbed in the sample. In a

sinusoidally varying field, the complex dielectric constant may be
expressed as

o
e¥ = g + = eo(s' +

— = LI P
Jw r jmeb) eo(er Je ) [2.4]

r

For a lossy insulator, with &' >> €", it may be shown that a change in
the dielectric constant causes the cavity frequency to change according

to the relation

£ -1
I 2.5
2 2 1

where the subscript 2 denotes the wvalue of a quantity after the change

has occurred. If the change in €' is small, this reduces to

— 1
ap  TGAE,
T2 [2.6]
r

The well known expression for microwave power absorbed in an

insulator, when placed in a field Ee with a frequency f is

- 2 - n 2
Pabs oEe/E nfe Ee [2.7]

The change in absorbed power due to a change in e; is simply

= ya "
APabS ﬂfeOEeAsr [2.8]

Thus, Ae; may be measured vy determining the power absorbed by the sample.
Baker28 shows that it also may be determined by measuring the cavity Q,

using the relation
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Q

(o]
Q= 2GQ e, [2.9]

l+——€"2—~'—
r

where QO is the initial cavity Q.

COMPLEX DIELECTRIC CONSTANT THEORY

The dielectric constant of a material is defined as the
proportiocnality constant between the electric field g and the resultant

electric flux density f within the material,

D = eoerg [2.10]

Within the material, the external field induces an electric dipole moment

whose density per unit volume is P , the polarization of the material,

related to E, D, and e, by
D= Eog +P= Eog + eoxef [2.11]

where the electric susceptability Xe is a measure of the ability of the
field to induce polarization in the material and therefore it depends on
the physical properties of the material. The dielectric constant and

susceptability are related by

Xg = €, - 1=H/vEe_ [2.12]

The quantity H is the total dipole moment for a sample of volume V . If
the material contains no permanent dipole moments due to orientational
polarization of molecules, ﬁ may be calculated by summing, for all

charged particles, the products of the charge 9 times the displacement

from equilibrium ;i; thus,
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W= zi ;75 [2.13]

> + 3 - . 0) »
The expression for r, in the presence of an internal ac electric field is

found by solving the equation of motion

&%
R
+

= =2 [2.14]

-

g8,

Rl
'._l
o
=

where giejwt is the internal field,t is the momentum relaxation time, and

m¥* is the effective mass. The relaxation time is given by 1t = m*py/e for

L9 2 50
o

free electrons ~. After replacing k/m¥ with w , solving the preceding

equation, and discarding the transient component, the solution is

) (w2-w?-jw/1)
q_ f.ert 0

r F 5 (W2-w?) 24 (w/7)2 [2.15]

8

It is apparent that Wy is the natural resonant frequency of the system.
It was shown in reference 27 that W is related to the energy E which
binds the charge to its equilibrium position by the relation

(bre )2
2 _._l\L_O_...E3

m¥ e

on

[2.16]

1.70x1029 (m/m* )E3(eV)

The notation E(eV) means that the energy has the units of electron volts.
Substituting Eq. [2.15] back into the preceding expressions

yields the result

2

—2e
aj WS -w ju/t

e = z [ WAV - 5 + 1 [2-17]
T i miVeo (wo—w Ye+(w/T) i

2




To further simplify the problem, we consider only changes in,er,caused
by moving a density of electrons among sites with different binding

energies. Letting the index j represent different possible states and
Anj represent the net density of electrons added to that energy state,

we get

21

2_,.2
2 we-wc=jw/1 1
Ae_ = —g— ) bn, |75 [2.18]
r m*eo R (wg—w2)2+(w/r)ilj

It Aer = Ae; - jAs;, the real and imaginary parts are

w22
Ag! = —EE— z An 2 202 2 [2 19]
-— * . - L
romke 5 (mo w” )+ (w/1) 3
w2/t
Ae" = i z An, 2 242 2 [2.20]
r o wre wt g (wo—w Yo+ (w/1) ;

It is convenient at this point to assign a symbol to the bracketed

quantities in the preceding equations, as follows:

w22
o)
B'(j) = (w2-w2)2+(w/1)2 [2.21]
0 J
w?/t
B"(j) = (mé—w2)2+(w/r)2 j [2.22]

B' and B" represent the relative size of the contribution to the real

and imaginary dielectric changes due to a single electron at the level j.

/



Figures II-1 and II-2 are asymptotic approximations of the

variation of B' and B" with electron binding energy for w = 5 x 109

~-15 13

1 -
and 5 x 10 0 rad/sec, and T = 10 , and 2 x 10 10 sec,

, 2 x 107
assuming m¥/m = 0,2. It has been shown in reference 27 that for the
speclial case of a free electron, setting E = 0 = W, gives the same

results obtained by Arndt25

in treating only the free carrier case.
Four regions of differing behaviors appear in Figs. II-1 and
IT-2. 1In the first, fdr levels with large binding energies, wi >> w2

and wg >> w/t, 80

B'

1/wg [2.23]

B"

L}

254
w /Tmo [2.24]

Both B' and B" rise as the binding energy drops. In the second region,
however, B' decreases as the binding energy is reduced, but B" stays at

a constant value. Here, w/1 >> wé, and

]

B! wgrz/wz [2.25]

B" = ¢ [2.26]

In the third region, seen only in B', the quantity wg - w? goes from a
positive to a negative value. The denominator is still controlled by

w/t, so
B'

It

(wg—wz)rz/mz [2.27]

B" = ¢ [2.28]

The fourth region applies for very lightly bound and free

carriers. Since w? >> wg, we find
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w=5x10"
-20¢ B' positive T=2x1071 T T T
- —=—=— B' negative
AT AT
b mg-mz 1=2x10
B'(J)

(w2-02)24+(u/1)?| |

log B'

-32 A i I I 3

1 107! 1072 1073 107% 10
Binding Energy, eV

Figure 1I-1. Asymptotic dependence of B' on the binding energy of an
electron state, calculated for m*/m = 0.2.
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Figure II-2. Asymptotic dependence of B" on the binding energy of an

electron state, calculated for m*/m = 0.2.
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B! -12/(1+w272) [2.29]

B" = 1 [2.30]

Here, B' is negative, as denoted in the figure by the dotted line.

In cases where w > 1/t, the second region does not appear. The
break between positive and negative values of B' occurs at mé = w2,

The result shows that in crystals with low mobilities, bound
carriers may have a larger value of B' than free carriers. For high
mobility samples, B' for free electrons is always larger. B" is always
larger for free carriers. The highest B' for free carriers is available
when w = 1/1, but the highest B" for bound carriers is achieved at the

highest frequency.

A combination of equations [2.6], [2.19], and [2.21] now gives

Af = =1.59x1010 f% AnB' [2.31]
r

The measureable quantity APabS/PO is obtained from [2.8],{2.20], and

[2.22] as
APabs = g2
P o m¥
o e}

[2.32]

AnB"

where the units for An are m_3.

ELECTRIC FIELD CONSIDERATIONS

In the preceding discussion, the electric field which has
been implied is the local field in the region of the individual atoms
or dipoles. In the work reported in Chapter V, the actual value of the
local electric field is not involved, and therefore distinctions between

local and applied fields are not required. If, however, the foregoing
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equations which directly involve the electric field are to be used,
the different types of electric fields existing in the insulator must
be considered. The local field differs from the applied field because
of surface and volume dipoles induced in the material by the applied
field. One lucid explanation of the electric field corrections which must
be considered is given by Wanghg. The local field at a reference point
in a dielectric material is calculated by first assuming that an imaginary
spherical boundary surrounds the point. The radius of the boundary
is chosen such that the region outside appears as a continuum with dielec-
tric constant €. while the atomic structure of the region inside the

boundary must be taken into account. The microscopic local field is

given as the vector sum

- [2.33]
g1oc = go * gl * gz * g3

where £, is the applied field. Kittel”"

describes gl as the field of
the polarization charges inside the spherical boundary, 32 is the
depolarization field due to charges induced on the surface of the specimen,

and 33 is the contribution induced by charges on the boundary, otherwise

known as the Lorentz field¥.
The microscopic internal field gi in the dielectric differs

from the local field in that gi does not directly include go. In other

words, g f ? g ?
1 TE TR TR T "5
The macroscopic electric field which exists within the dielectric is

L9

denoted as Ee:

*¥ Wang and Kittel use different notation; that of Wang is followed here.
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?e = _E)o + 32 [2.34]

5,

Nozieres and Pines”  have demonstrated in a quantum mechanical treatment
of the dielectric constants of so0lids that microscopic local field
corrections are not necessary for highly polarigable insulators and
semiconductors; that is, Eq. [2.34] describes the correct local field.

The depolarizing field gg results from charges induced on
the surface of the sample. The component of ?2 in any given direction
(in particular, in the direction of the applied field) is dependent
on the shape and orientation of the sample in the field. The depolarizing
factor L accounts for the relationship between the internal polarizing
field and the geometry of the sample relative to the ekternal field.

51

It may be shown that the field ge is related to the external field'go

and the dielectric polarization ? by
E =E -1P

Values of L for various geometries are given by Dresselhaus, Kip, and

Kittel52

3 the value ranges from 0 to 1/50, depending on the axial ratio
of the sample when it is treated as an ellipsoid. For a thin slab or
disc infinitely extended in the x and y directions, L = l/eo when the
field is applied in the z direction, while the wvalue is l/3eO for a
spherical sample. The calculation of L for a real sample with a thick-
ness-to-diameter ratio less than 10 is a very difficult problem, but
the value clearly should be close to l/eo. Any attempted correlation
between photodielectric behavior and the external field must take the

depolarization field into account.

PLASMA EFFECTS

The preceding theory describes the change in the dielectric
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constant brought about by a change of energy of a single carrier. When
the effects of many carriers are taken together, the interactions

between carriers musﬁ be considered. Dresselhaus, Kip, and KittelSz’55
have considered plasma effects in solids with high free carrier densities,

subjected to rf fields. They have shown that the depolarizing effect is

equivalent to a harmonic restoring force, with a force constant given by

Lne?

m [2.35]

Force Constant =
This term alters the equation of motion for electrons, and the net
influence of plasma depolarization is taken into account by substituting
w' = w - wg/m in place of w in the preceding equations, where wp is

the plasma frequency given by

2 1/2
T e [2.36]
P (1+Lx Jm*
Clearly w' = w for wp << w(that is, for low free carrier densities.)
25

It is also concluded”” that the behavior of minority carriers
in another band is not affected by the presence of the majority carrier
plasma. Since the effect of a plasma of free electrons is to stiffen
the electron motion, we may conclude that the behavior of trapped
carriers is not affected by the plasma because the motion of trapped
carriers is already limited to a very great extent, and because the
behaviors of the two types of carriers are independent.

Plasma effects are not considered further here because II-VI

compounds tend to have low free carrier densities at low temperatures,

even while illuminated. When the rf freguency is about 109 Hz, plasma



effects are not appreciable until n reaches about 1016 cm—3. For

discussions of plasma effects in photodielectric experiments, see

Stone26 and Baker28.

29



CHAPTER IIT

Trapping and Recombination

INTRODUCTION

The preceding chapter described how the redistribution of
electrons among the energy states of a semiconductor can lead to a
change in the dielectric constant. Electron densities at wvarious
energy levels are determined by the properties of the semiconductor, and
in this chapter, relations between densities and other parameters are
developed. The equations presented are intended to represent low temp-
erature situations.

The treatment will refer mainly to electrons, but may be made
applicable to holes by the usual obvious substitutions of np, mé*mﬁ,
EC+EV, etce., The discrete levels in the forbidden band are all referred
to as traps, rather than separating them into traps and recombination
centers as Bubel and. Rose9 normally do for photoconductors at room
temperature, because whether or not recombination takes place at a
level depends on many parameters not related to the trap, such as the
temperature.

Pioneering work on trapping and recombination in semiconductors

was performed by Shockley and Read56 2

and Hall” ', and the analysis
presented here follows the extension of their work given by Bubel.
It is assumed here that the divergence of the drift and diffusion
components of the current density are negligible.

In a photoconductor the density of free carriers may be altered
in several ways, as shown in figure III-1. Electrons may be added to
the conduction band by optical excitation from the valence band or from

a trap, or by thermal generation from a lower level. The density is

30
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Figure III-1. General model for electron trapping and recombination,
neglecting direct band-to-band recombination. The rate equations implied
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decreased by recombination or through trapping. Thus the time rate of
change of n, with terms listed in the order mentioned, is

an —Et/kT

—= = T + - - —
n.v e np, v R n(Nt nt)vnSn

dat t n nt (3.1]

t
Here n, p, and t refer to electrons, holes, and traps, respectively.
T is the absorbed light flux density in photons/cm3—sec, v is the

attempt-to-escape frequency, E, is the trap depth measured relative to

t
the conduction band, v is the thermal velocity, S is the capture cross
section of an empty trap, R is the recombination cross section for one
type of carrier at a level already containing the other type of carrier,
and Nt is the density of traps. It is assumed that all recombination
occurs via traps (or recombination centers), because at low carrier
densities and low temperatures, direct band-to-band and Auger recombination
are not likely processes

Electrons may normally be added to shallow traps either by
decay from the conduction band or direct optical excitation from the
valence band. It is assumed that direct excitation or decay from other
traps and thermal generation from the valence band are negligible. The
density is decreased by thermal or optical excitation to the coaduction

band or by recombination with a free hole. The net rate of change,

where the terms are listed in the order mentioned, is

dn -E, /KT

t 2
i n(Nt—nt)vnSnt + T -nove - T, - pntvapt [3.2]

If thermal emission to the conduction band is negligible for

carriers in deep traps, the rate equation is



dn

t_
prad n(Nt nt)vhsnt + Tv - Tc - pn. v R [3.3]

t p pt

where the terms represent filling from the conduction band, optical
excitation from the valence band, optical freeing, and recombination
by hole capture.

The quantities v, v, and Nc may be expressed in terms of the

other parameters as follows:
v =N vSs [3.4]

v = (a@)m [3.5]

3/2 .
N = 2(2nm*kT) [3.6]

All other parameters have the usual meanings.

It is quite difficult and not advantageous to solve equations
[3.1] through [3.3] for the general case. They are more useful when
solved for certain special cases in which simplifying assumptions may

be made. The initial value of dn/dt is easily found by letting n_, » O

t
and n > 0, so that at t = 0,
dn
dt T
The early time variation of n is given by
—t/'rL
n="Tr(l-e ) [3.7]

33
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where T, = l/NtvnSnt' If more than one trap or recombination level

exists, T

L is corrected by replacing NtS with the sum of the NS

nt

products.

When the steady state is reached and only one electron trap

dominates in the behavior, dn/dt = 0 and

-E, /KT
T+ n,ve t
= t'n [3.8]
(Ne-ng)v S ¢

n

The initial variation of n, is also easily found when n

+ is

t

very small.
—t/TL
n, = Tt - TL(l - e )] [3.9]

This expression is valid for cases when recombination at the trap by
hole capture and thermal freeing are negligible and the trap is not near

saturation. At steady state,

n/t

ny = “E_/&T [3.10]

+ +
nvnSnt pvaPt v e

Further simplifications result for special cases. In the
following sections, combinations of discrete states are assumed and
analyzed; the combinations are those expected to be encountered in
photodiélectric experiments at low temperatures.

SINGLE ELECTRON TRAP

If only one shallow electron state exists in the forbidden band,

and both the temperature aad band gap light intensity are low; the
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photogenerated electrons are quickly trapped and soon recombine with
free electrons. If the trap is deep enough that T >> ntvnexp(—Et/kT)
and fast recombination keeps n, << N, equation [3.7] is always valid,
and after a few TLhave elapsed, n = TTL. The energy level diagram which
is applicable is shown in figure III-2.

Equation [3.9] for n, is valid only as long as recombination
is negligible, which is a very short time. However, steady state is

established within a few microseconds, with all of the photogenerated

carriers going to supply the recombination. Since p=n +n, and n_ >> n,

t t
p = nt; thus
T = n%vapt [3.11]
2
n = “t'ppt | T [3.12]
N.v S N.v S :
t n nt t nnt
T
n,(®) ¥ ———— [3.13]
t v R
PYp pt

where nt(m) is the steady state value of n, . When the light is removed,

the decay of n is exponential with a decay time of T = (Ntvhsnt)"l'

n(t) = n(=)e /T

The decay of n, follows equation [3.2] with all but the last term

negligible; the solution is

'nt(w)
1+ [nt(w)vapt]t

nt(t) = [3.14]
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Figure III-2. Shown is the energy level model for use when only a single
electron trap exists in the forbidden band. Sub-bandgap optical excitation
is neglected. The rate equations are
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Application of sub-bandgap light, which excites electrons
from the valence band to the trap, alters the rate equations by placing

the T term in equation [3.2] rather than in Eq. [3.1]. At equilibrium

N ~E, /kT
n = (—E)n e ¥ [3.15]

Nt t

Eq. [3.13] is still correct for n, .
When the light is removed and thermal excitation from the trap

to the conduction band becomes important, the second term of Eq. {3.1]

predominates and Eq. [3.15] is then the correct expression for n(«).

In that case, the decay of n is governed by the replentishing from the

trap, and the decay time is

~E, /KT -1
Tq = | NV S +€ [3.16]

cnn

All parameters of the trap may be calculated from data taken
from the equilibrium or decay conditions given in this section. Assuming
n(t), nt(t), and T(t) are known, Eq. [3.11] gives Rpt' E. is found by

measuring n(») at two different temperatures and altering Eq. [3.15] as

n n E /1 1
1 2 _ bz - =
Zn(N——l) - ﬂn(N——) = (‘1‘2 Tl) [3.17]

c c2

follows:

Then Nt comes from Eq. [3.15]. If thermal emptying of the trap is

negligible, S, is found from Eq. [3.12], while Eq. [3.16] is used when

t
the emptying is not negligible.
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SINGLE ELECTRON TRAP AND SINGLE
SENSITIZING CENTER WITH SLOW HOLE TRAPPING

Some crystals have sensitizing centers with a large capture
cross section for holes and a small subsequent capture cross section for
electrons. Photogenerated holes may either be trapped at the sensitizing
center or recombine with trapped electrons, where we assume that direct
band-to-band recombination is negligible. The relative fraction of holes
which proceeds to each level depends on the density of empty sites and
the cross section governing the entrance of holes into the level. A
portion of the photogenerated holes recombines quickly, but those which
are trapped cannot interact with electrons again until they are thermally
or optically freed. The electrons remain in the traps and the conduction
band, with the relative density in each being determined by the properties
of the trap. The situation is pictured in figure III-3.

The rate equations for free holes and trapped holes are

e _ o, - . :
St T p(Pt pt)vapt pnthRpt [3.18]
dpt
Framie p(Pt—pt)VpSpt [3.19]
Here, Pt represents the density of hole traps. As long as 1 and n, are

small, p has the form

-t/t
p=Tr(l-e Py [3.20]

wWhere Tp = (Ptvﬁspt)—l' Therefore, N initially rises at a constant rate,

after a few TP have elapsed:

p, = Tt [3.21]
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Figure III-3. Shown is the energy level model for use when a single
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exist. Recombination at the sensitizing center, thermal emission from
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the sensitizing center, and sub-bandgap optical excitation are neglected.

The rate equations for electrons are

dn 'Et/kT

w7 + nevge - n(N )v Snt

dn, ~E /KT
gr = n(NgngdvSpe - nyvpe - PgVpRot,
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The initial variation of n is given by

~t/T
n = Trn(l - e ) [3.22]

- -1 s ops . . .
and T = (Ntvnsnt) . The early variation of n _, assuming negligible

thermal freeing compared to T and constant values of n and p, is
-~ b PPt a i
n, = —%¢ e ) [3.23]

where the initial response time Ty given by

T = Ptvapt/Tvant [3.24]

can easily be many hours at low light levels. TFor t << T,» 0, may be

t
further simplified by using the series expansion for e“t/ri and keeping

only the first terms, 1 - t/ri. This gives for the early variation of D

n, * Tt [3.25]

The only time steady state is possible with this model occurs
when the hole traps saturate and p rises to a high enough vélue for
(Pntvapt) to balance T; this is seen by setting dpt/dt and dp/dt
equal to zero in Eq. [3.18] and Eq. [3.19]. If the electron traps
saturate before the hole traps, the excess electrons remain in the
conduction band. This would allow band-to-band recombination to become
important, and the rate equations given for n and p would no longer be
valid.

Assuming n is still small when the hole traps saturate, the

following steady state conditions hold:
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—Et/kT
pntvaPt =T = n(Nt---nt)vhSnt -nv e [3.26]
P, =D, [3.27]
n + n, =p + P, [3.28]

When the light is removed after saturation, the excess holes

quickly recombine; the decay is exponential with 1. = (1r1tvapt)Ml if

£ does not change appreciably. Meanwhile, the excess

L

n, >> p s0 that n

conduction electrons are trapped, and the density of free electrons

reaches the value
-Et/kT
Ncnte
n= ——zﬁ-:H—Y—— [3.29]
t 7t

The response time for the decay of n is the inverse of the probability of

escape from the trap, which is given by

Probability = chnsnte [3.30]

The decay is exponential if the number of electrons involved in the decay

is small compared to n, .

Parameters of both traps may be calculated from values of T, n,

and ng taken for the situatlions discussed above. Et and Nt are found by

applying Eq. [3.29] at two or more temperatures; Et may also be found by

rewriting Eq. [3.30] as

Et = kT Zn(rchvnsnt) [3.31]
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Use of Eq. [3.31] with data from two different temperatures gives Et
and Snt'

The density Pt is found directly from Eq. [3.27] and Eq. [3.28]
when the hole traps are saturated. The values of Spt and Rpt are found
using Eqs. [3.23] and [3.2L] to analyze the early variation of n, .

The initial free electron lifetime is l/(NtvﬁSnt) according to Eq. [3.22];

the lifetime and decay time are related by
TL/Td = n/nt [3.32]

SINGLE ELECTRON TRAP AND SINGLE
SENSITIZING CENTER WITH FAST HOLE TRAPPING

If the hole traps have a high density and large capture cross
section for holes, and the trap is separated from the valence band by
many kT, the free hole density during illumination can not become
significant until the traps are saturated. As a consequence, recombination
effects at electron traps may be neglected prior to the saturation of
hole traps. Under these conditions, Egs. [3.21], [3.22], and [3.25] are
valid until saturation is reached. After saturation has been reached,
the remainder of the analysis in the preceding section holds true.
Pigure III-4 illustrates the situation.

if Pt >N

£ the density n

" for deep electron traps rises

linearly with time until saturation is approached. The current remains
at a constant low value and then begins rising at a linear rate when
saturation comes. If a shallow trap is present, its electron occupancy
also increases linearly, but the current has both constant and linearly
rising components; the rate of growth jumps upward when saturation is

achieved. When the traps are all filled and the light is removed, the
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Figure III-4. Shown is the energy level scheme for use when a single
electron trap and a single sensitizing center with fast hole trapping
exist. Direct band-to-band recombination, thermal emission from the
sensitizing center, and sub-bandgap optical excitation are neglected.
The rate equations for electrons are

dn —Et/kT

qE =T tnwe - n(Nt'nt)vnSnt
dnt —Et/kT
at - n('\lt'nt)vnsnt BRI ’
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current does not decay because recombination of electrons with trapped

holes is not favorable.

Ir Nt > Pt’ both types of traps fill at the constant electron-

hole generation rate until Py = P The availability of free holes

£
after that time prevents the electron traps from filling completely,
because of the fast recombination. For this reason, the free hole density
remains small. Electrons in the conduction band and shallow traps decay
into deeper traps when the excitation is removed.

If electrons are removed from a trap by long wavelength light,
the excess density of free electrons is An = Tt , where l/rL = (Nt—nt)vhsnt’
and An decays exponentially with a characteristic timerf 7. when the light

L

is removed: —t/TL
An(t) = An e
o}

If several electron traps exist, electrons in the shallow
traps decay into deep traps when the excitation is removed. The
response time of this redistribution is governed by the rate at which
electrons leave the traps, and is given by Eq. [3.30] since Tq 7 T

SINGLE ELECTRON TRAP AND SINGLE HOLE TRAP

If both hole traps and electron traps exist, recombination
is possible at both levels. The rate equations are all non-linear and
very difficult to work with. Bubel treats several cases of this situation
after msking extensive assumptions. A situation not treated in that
reference is when recombination is very fast for one type of carrier and
relatively slow for the other type. This case may be treated as an
extension of the previous sections if we assume that‘free holes are
quickly trapped or recombine with trapped electrons. Free electrons

have a much greater probability for being captured at electron traps
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dn “EL/KT

at = Tt npvpe = NN VRS e - PRy
dnt -E, /kT

T n(Nt—nt)vnSnt - ngve 'pntvapt
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than for recombining with trapped holes. The energy band model appears
in figure ITI-5.
The effect of slow recombination at hole traps is to include
a small subtractive term in the rate equation for n. It leads to no
significant changes in the initial rise, excitation steady state, and
early decay relations for the carrier densities. It does affect the

long term decay, however, where the rate of decay is

. -E, /KT
EraiadR PR - n(Nt—nt)vnSnt - np,vR ., [3.33]

and the solution to Eq. [3.33] is

If p 2 0 and n << Oy, O % Dy
—Et/kT _t/Tr
n = nthVnSnte T8 [3.34]
-1
where .= [(Nt~nt>vnsnt + ntvant] [3.35]

Eq. [3.34] is equivalent to Eg. [3.29] when recombination at the hole
trap is negligible, and T, reduces to the free electron lifetime.

In the more specialized case where thermal freeing from the
electron traps is negligible and those traps are saturated, the decay
of n is given by

n = noe_(ntvant)t [3.36]

When the model discussed above applies, parameters of the electron trap
are found as before. The recombination cross section at the hole trap
is found by analyzing the decay of n according to Eq. [3.34] or Eq. [3.36].
RETRAPPING

When retrapping of thermally freed carriers is important, it

is necessary to correct the rate equation for n . Specifically, the thermal
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emission rate,
an -5, /kT

must be multiplied by the probability that the carrier will recombine.
The transitions involved are shown in figure III-6. The recombination

probability is given byl

p. R
RP. =~ [3.38]
Ptnt t Tt nt
But if pt o nt + n, and ny >> n, then Py = nt and
n, R
t nt
R.P. = [3.39]
(R Sng) + NSy

The correct expression to substitute for the thermal emission rate is

~Et/kT

2
[ffg] = PR (3.%0]
at J thermal nt(Rnt"Snt> + NtSnt

When nt(Rnt'Snt) >> Ntsnt, it must also be true that Rn >> snt, S0

t

equation [3.40] reduces to [3.37]. For NS . >> nt(Rnt—Snt)’ the behavior
is given by
-E, /kT
dn; -nR_,v e t
g] = tnt'n [3.41]
at Jtheamal N, S
t nt

Under these conditions, when an electron trap fills from the conduction

band and retrapping is allowed, the steady state value of nt is

1/2 Et/2kT
nt = -—————-—N e {3-1*2]
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The decay of n, follows the relation

nt(w)
n, = N } ~E, /KT [3.43]

t c
+ 00 ) ] -
1 nt( )[Nt vante t

The time required for n, to decay to 1/2 nt(w) is therefore

t
E, /KT

t
T, = 4 [3.L44]

1/2
nt( )chant

The equilibrium value of n is given by Eq. [3.8], after correcting for

retrapping and allowing for recombination, resulting in

5 —Et/kT
n = ntRnthe = Er%%ﬁ;— [3-h5}
2
Ntsnt t n nt

When the free carrier lifetime is primarily determined by recombination,
such that ptvnRnt >> Ntvhsnt’ Eqs. [3.42], [3.4L], and [3.45] may be used

to find R

S Nt’ and 12 from measurements of n, n and T. It is

important to remember that j is the density of recombination centers,
which means that it consists of the part of the total hole trap density

which has captured a hole and is ready to capture an electron.



CHAPTER TIV.

EXPERIMENTAL TECHNIQUES

The accuracy and sensitivity of the experiments described in
Chapter V are determined primarily by the limits of the equipment used to
make the measurements. This chapter lists the apparatus employed in the
standard and photodielectric experiments and describes equipment limita-
tions. Characteristics of the semiconductor samples are given first.

SEMICONDUCTOR SAMPLES

Except for the CdS:Al powdered sample, all samples used in the
experimental work described here are single crystals. The CdS:Al was ob-
tained from Texas Instruments in the form of a large (v 1 cm3) irregular
single crystal chunk. The presence of aluminum was confirmed by neutron
activation analysis performed in the University of Texas Nuclear Reactor
Laboratory. The CdS:Al sample was prepared by cutting a wafer from the
chunk with a diamond saw. Next, a circular shape was obtained using an
ultrasonic grinder, and then the surfaces were lapped and polished to a
smooth, glassy finish. When it was judged to be necessary, the sample was
cleaned in boiling trichloroethylene and etched in dilute hydrochloric
acid. ©Some physical characteristics of all of the samples are listed in
Table IV-1.

The CdS:Ag was also obtained from Texas Instruments, but it was
supplied in the form of a highly polished, irregularly shaped piece with
parallel faces. The sample shape was not altered because it is roughly
circular and it was desirable to preserve the excellently prepared sur-
face. Since no excess material existed, no neutron activation analysis

could be performed.

50
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Both CdS samples were heat treated by placing them in separate
evacuated quartz ampoules and keeping them at ~ 500°C for several days,

a sensitization technique reported by Woodsu6. It is believed that this
process creates sulphur vacancies which donate electrons to compensate
native acceptor levels. In both samples, no new levels were detected
after the heat treatment, but definite improvements in sensitivity oc-
curred, indicating that the treatment simply increased the density of a
defect which had existed before the heating was performed.

The CdTe and ZnTe materials were both purchased from the A.D.
Mackay Company in the form of large, irregular chunks of about 1 em3 vol-
ume. Attempts to cut slices from the chunks proved to be unsuccessful, so
samples were obtained by cleaving off plates about 2 mm thick. In both
cases, the cleaving produced irregularly shaped samples with uniform thick-
nesses and glassy faces, so no polishing or etching was performed. Both
materials were classified as "ultra high purity" by the supplier.

The powder sample of CdS:Al was obtained by crushing a small
amount of material left over from the process of shaping the CdS:Al single
crystal sample. The resultant powder consisted of grains estimated to be
about the size of grains of #400 lapping powder. The powder was wetted
with trichloroethylene which acted as a temporary binder, while the ma-
terial was transferred to a 1 cm dieameter, 2 mm thick glass disc and
tamped to encourage settling. The trichloroethylene was then completely
evaporated by warming the glass disc, and a thin film of Krylon brand
crystal clear spray coating was applied as the permanent binder. 1In the
characteristics listed in Table IV-1l, the contributions due to the glass

slide have been subtracted out.



>3

LIGHT SOURCES

The light used in the experiment described in the next chapter
was obtained primarily from one of two monochromators. The first is a
Gaertner monochromator utilizing a sodium chloride prism, with a useful
range of 0.589u to 12.0u. The other is a Bausch and Lomb grating mono-
chromator covering the range from 0.2u to 0.75u. Each has variable input
and output slits which were used to control the intensity and bandwidth
of the light.

Two white light sources were available as sources for the mono-
chromators. For visible and near infrared wavelengths a 500 watt type DHN
projection lamp was adapted to either instrument. The lamp voltage was
adjusted with a variable transformer and it was operated at 115 VAC. Tests
showed that about 10 minutes of warm-up was required before the lamp out-
put stabilized, and thus a warm-up period was allowed. Forced air cooling
was used to prevent over-heating. The lamp spectrum approximates the spec-
trum of a 2000°K black body when it is operated at 115 VAC.

Since the glass envelope of the projection lamp absorbs wave-
lengths above about 3u, it was necessary to use a Perkin-Elmer globar to
obtain the longer infrared wavelengths. When operated at 5.2 amps, it fur-
nishes 200 watts in a spectrum approximating a 1L400°K black body. The
globar also requires about a 10 minute warm-up period before it stabi-
lizes, and water cooling is required.

A third source of light used was a Spectra Physics 125 helium-
neon laser operating at 0.6328u. It was employed both in exciting the
samples and in calibrating the wavelength settings of the monochromators.

The maximum output obtainable from the laser is about 16 mw, and the
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power level was controlled by inserting a pair of rotating polarizing
filters into the beam.

LIGHT CALIBRATION

Light intensity measurements were made using an Eppley sixteen
junction Ag-Bi thermopile monitored with a Hewlett-Packard 425 microvolt-
meter. The thermopile was calibrated against an NBS standard source at
both microwatt and milliwatt intensities by the manufacturer. Both quartz
and barium fluoride windows were available.

To measure the amount of light reaching a sample, a silicon
solar cell was placed in the position normally occupied by the sample, the
light was turned on, and the solor cell current was noted. Next the cell
was placed in front of the output slit of the monochromator and the input
was adjusted until the cell gave the same current reading seen before.

Then the thermopile was substituted for the solar cell, and the power level
was obtained. Five readings were obtained, and the average value was taken
to be the correct value. The individual readings tended to be within 2% of
the average value, and from one day to the next, repeatability was excel-
lent.

OPTICAL ABSORPTION MEASUREMENTS

For measuring optical absorption by the sample at room tempera~
ture, a special sample holder is attached to the monochromator. The spec-
ial holder allows two masks with one small hole in each to be placed be-
tween the monochromatic light source and the detector. As the wavelength
is varied, the detector output is recorded. Next, the sample is placed be-
tween the masks so that light passing through the two holes must also pass

through the sample, and the detector output is again recorded. Point-by-
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point division of the second value by the first gives the fraction of the
light which is transmitted, T. The fraction absorbed, A, is related to T
by

A = (1-7T) (1 -R) [4.1]
where R is the reflection coefficient. R depends on the index of refrac-

58

tion n
2
2

(n ~ 1)2 + Kk
(n+1)° +x

[h.2]

Here, k is the extinction coefficient, related to the absorption coeffi-

cient o by

Kk = %%- [4.3]

It may be shown58 that k has a negligible effect on R, except for some

cases of strong bandedge absorption.

The accuracy of the absorption technique is limited by the con-
stant bandwidth-power output characteristic of the monochromator. To al-
low for enough light through the sample to be measured, the output slit
must be opened to 0.5 to 1.0 mm, which results in an optical bandwidth of
about 1%. This means that fine structure in absorption tends to be
smoothed out.

PHOTOCONDUCTIVITY AND TSC MEASUREMENTS

All experiments requiring ohmic contacts to the samples were
performed in a special evacuated sample holder, shown in Fig. IV-1. Light
is applied to the sample by aiming the beam down the large polished stain-
less steel tube. The length and diameter of the tube, and the position of
the sample in relation to the end of the tube, are designed to duplieate
the optical system for illuminating samples in the microwave cavity, which

is discussed in one of the following sections. Measurements revealed that
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no differences in transmission characteristics were discovered between
the two systems.

Light is introduced into the stainless steel tube through a
shutter-mirror-window assembly which is slipped over the protruding end
of the tube and held securely in position with mechanical stops. The
shutter is used in making decay measurements and for keeping unwanted
light away from the sample. The silver first-surface mirror is rigidly
mounted at 45° to convert the horizontal beam emerging from the light
source to a vertical beam. A 2 mm thick barium fluoride window, with flat
transmission characteristics from ~ 0.2 u to v 12 p is used to allow the
sample holder to be evacuated; the vacuum port is also located in the
shutter—mirror—window assembly, and all vacuum seals are made with O-rings.

The bottom half of the sample holder, to which the sample is
mounted, is removable to allow for easy maintenance and rapid sample
changes. The vacuum seal is preserved with an O-ring, and brass machine
screws with heavy lock washers hold the two halves together and keep pres-
sure on the seal. The sample rests on a pad of indium or other suitable
contact metal, which is the cathode, and it is held in place by several
indium plated brass spring fingers which form the other electrode. A
spring loaded contact is connected to the fingers with a short flexible
wire, and the bias circuit is completed when the spring contact engages
the socket built into the roof of the sample holder.

When TSC experiments are performed, heat is provided by a single
50 VDC, 50 W Watlow silicone rubber heater clamped to the sample holder.
Heater power is obtained from a Kepco power supply controlied by a clock

driven variable resistor. Owver a period of two years, the heater has
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shown no sign of aging or degradation, and the heating scheme gives re-
peatable temperature vs. time profiles. The sample temperature is moni-
tored with a chromel-alumel thermocouple inserted in a hole drilled from
the outside of the sample holder to a position beneath the sample., Dur-
ing warming, frost formed on the holder melts within a two-second inter-
val, indicating the temperature difference between any two points on the
holder never exceeds about 1°K. The sample is cooled by completely sub-
merging the holder assembly in liquid nitrogen or partially submerging it
in liquid helium; the O-ring is not effective in sealing out liquid helium.
The sample is biased with either a 6V or 67V battery, and the
current is measured with a Hewlett-Packard 425 picoammeter and plotted
with a Moseley X-Y recorder whose vertical axis is driven by the output of
the HP 425. The horizontal axis is driven either by the internal time
base or the thermocouple voltage. All wiring is completely shielded by
roubing it in metal tubing and using Beldfoil shielded strain gauge cable

for the flexible connections. The leakage resistance of the entire bias-

13 2

ing network is &~ 107~ ohms; the measurement limit of the HP 425 is ~ 10—1
amps, and these two factors determine the sensitivity of the system.

THERMALLY STIMULATED CONDUCTIVITY

Thermally stimulated conductivity (TSC) experiments are performed
by submerging the sample holder in the coolant while the sample is kept in
the dark. When the temperature stabilizes, a known intensity, wavelength,
and duration of light is focused on the sample. Finally, the coolant is
removed, the clock driven heater is started, and the current is plotted
against time or temperature. The heating rate 8 can be varied by adjust-

ing the clock driven resistor; normally, the value B = 0.5°K/sec was used.
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1.5

The relations used in TSC analysis are well known « It may
be shown that when retrapping at a level is negligible, the trap energy
Et (measured from the band to which the carrier is emitted) is related to

the temperature of the TSC peak, T > by

[b.)]

Additional assumptions are that none of the physical constants, such as u,

Nc’ St’ TL, and v vary greatly with temperature in the region of the peak.

Physically, the TSC maximum corresponds to the maximum rate of ejection of

electrons from traps.

When retrapping does occur, the proper relation is39
NCKT;
E, = kT n|l——r [4.5]
t m NtBTLEt

Only a small error is involved if the trap depth is equated to the depth
of the Fermi level when the trap is half filled. This gives the simple
39

relation

N
E, = kT_ £n HE} [4.6]

p)

where o, is the free carrier density at T = Tm. Haering and Adams” have
shown that the shape of a conductivity peak is virtually independent of

the retrapping rate, with the shape following

E E E
(o]
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Furthermore, at the maximum, the conductivity and temperature are related

by a universal curve of the form

~Ln| =+ 1 [4.8)

which follows from the preceding equation. Since Tm depends on the heat-
ing rate B, G(Tm) and TmAmay be measured at two or more known heating rates

and Et may be found from

T; E,
ni—1 = ET— - ER[COMZGLW] . [11-.9]
m

Eq. [4.9] is obtained by rewriting either [k.4] or [4.5]. Clearly, the

trap depth may be found by plotting En[Ti/B] vs. (kTm)"l.

Another way to find Et is to analyze the initial rise of a TSC
peak if it is not hidden by other peaks. Garlick and Gibson17 show that

the simple relation expected is
@ ve [4.10]

where v, is the attempt to escape frequency. Et is found without knowl-

edge of n oVn BY analyzing a curve of £n n vs. 1/T.

t
PHOTODIELECTRIC MEASUREMENTS

The reason for the great sensitivity of the photodielectric tech-
nique is the superconducting microwave cavity used. A full size cutaway
drawing of the'cavity employed in this study is shown in Fig. IV-2. A

layer of lead, the superconducting material, is electroplated onto the
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cavity, loading plate and probe surfaces. The design of the cavity and
the plating process are completely covered by Stone26 and are not congid-~
ered further here. The cavity unloaded resonant frequency is about 9 x
108 Hz; loaded, it is about 8.5 x 108 Hz.

The capacitive loading plate is tapered slightly and small holes
are provided around its perimeter to allow helium gas bubbles to escape
the cavity. A small hole is provided in the cavity wall above the loading
plate to facilitate the entry of helium liquid into the cavity. A variety
of small teflon collars is available for holding the semiconductor sam-
ple in place in the high field region at the end of the stub. Microwave
energy is coupled into and out of the cavity with two capacitive probes.
Coupling is varied by adjusting the length of the probe which extends into
the cavity. Generally, the coupling is kept as light as possible, consis-
tent with a useable output signal. In all of the experiments reported
here, the cavity Q was limited not by the cavity or teflon collar, but by
the sample; with the large samples used, the Q was between 2 x th and
9 x 105, depending on the sample. The unloaded cavity Q is much greater
than 106, so the sample determines the cavity sensitivity.

The accuracy of photodielectric experiments is limited primarily
by the sample-cavity system. A large lossy sample causes the Q to be poor,
and as a result the cavity bandwidth is wide and the resonant frequency is
not easily determined. The inaccuracy in the measurement due to this rea-
son is ~ 1 kHz or one part per million. TFor higher Q situations where the
frequency can be read very accurately, the random generation of helium
bubbles in the cavity produces noise which leads to ~ 100 Hz frequency

T

variations or errors of one part in 10 .
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A block diagram of the photodielectric measurement system is
shown in Fig. IV-3. The cavity resonant frequency is measured by maximiz-
ing the signal transmitted by the cavity and then reading the oscillator
frequency. The phase locked oscillator is stable within a few Hz over a
period of several minutes, and the counter gives the frequency to nine
significant figures. Power absorption measurements cannot be made with
such a high degree of accuracy, however; the Hewlett-Packard microwave
detector exhibits small output fluctuations of less than 1%, possibly
caused by small temperature variations. Its output signal varies roughly
as the 2/3 power of the input power level, and a calibration curve is re-

quired for converting the output signal into P /PO. Q measurements are

abs
made by pulsing the input signal to the cavity, observing the decay of the
pulse with an oscilloscope, and analyzing the result according to the re-
lation (see Stone 26),

Q = wft [h.11]
where T is the time required for the signal to drop to 1l/e.

The low temperature environment, which allows the phenomenon of
superconductivity to be used to advantage, and which also provides a con-
stant temperature bath for the sample, is obtained by submerging the cav-
ity in liquid helium. The helium is placed in the inner dewar of a nested
pair of vessels; the outer dewar is filled with liquid nitrogen, providing
a low temperature background to minimize heating of the contents of the
inner dewar by radiation from the outside. Both dewars are suspended in-

side a light-tight box to prevent light from entering the cavity through

the bubble relief holes.
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The inner dewar may be sealed, and temperatures down to about
2°K may be obtained by reducing the pressure over the helium. The tempe_ra—
ture is controlled by varying the orifice between the inner dewar and a
vacuum pump, and the temperature is monitored with a manostat connected

to the inner dewar.



CHAPTER V.

EXPERIMENTAT, RESULTS

INTRODUCTION

The results of photodielectric experiments on three different
II-VI compounds, CdS, CdTe, and ZnTe, are presented here. One sample of
CdS is aluminum doped and the other is silver doped; the tellurides are
both high purity materials.

The CdS:Al was chosen because the sample exhibits both tap and
storage effects and is very photosensitive. The CdS:Ag does not display
tap or complete storage effects, but it is very sensitive to infrared
quenching. Both CdS samples were heat treated in a vacuum at ~ 500°C to
insure a large density of compensated acceptors or hole traps. No changes
in the electron trap properties were observed as a result of the heating.
The tellurides were chosen because their crystal structure and behavior
differ markedly from those of CdS. Both samples are p~type and thus no
heat treatment was performed.

Before performing photodielectric tests on the samples, each
was subjected to several standard experiments which also yield values for
trapping and recombination parameters, in order to obtain standards for
comparison. In the following sections, the investigations of each mater-
ial are presented, and results obtained with the photodielectric effect
are compared with the results of the other tests whenever possible.

CdS:Al - STANDARD EXPERIMENTS

Four methods were first used to find discrete energy levels in
the CdS:Al; absorption spectra, photoconductivity spectra, thermally stim-
ulated conductivity, and decay curve analysis. The absorption spectrum

66
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for the CdS:Al at 300°K is shown in Fig. V-1. The lack of any sharp de-
tails is primarily due to the thicknéss of the sample. There are two
fairly well defined peaks in the curve at 6050 + 50 R and 5450 + 50 X,
corresponding to transitions of 2.05 + 0.02 eV and 2.275 + 0.02 eV, re-
spectively. Since the bandgap energy is 2.40 eV, the energy levels indi-
cated must lie 0.35 * 0.02 eV and 0.125 + 0.02 eV below the conduction
band. The curve also shows high absorption in the vicinity of 1.55 u,
corresponding to an 0.8 eV transition. This probably does not represent
absorption by the expected compensated acceptor sites, which normally oc-
curs near 1.0 ul. Thus, a discrete level also exists about 0.8 eV below
the conduction band.

The photoconductivity spectrum of the CdS:Al at 300°K is pre-
sented as Fig. V-2; its shape is similar to the absorption curve in the
band-edge region, as would be expected. The photoconductivity peaks occur
for A = 5450 + 50 X and A = 6100 + 50 X, corresponding to levels 0.125 +
0.02 eV and 0.37 + 0.02 eV below the conduction band. These two levels
are clearly the same two seen in the absorption spectrum.

The sample shows photoconductivity at wavelengths between 1.5 u
and 9 p, but the effects are small and no clear peaks are seen.

Thermally stimulated conductivity (TSC) experiments with the
CdS:Al confirm the presence of a trap at about 0.35 eV, and also reveal a
deeper trap near O.Th eV. No peak is contributed by the level at 0.13 eV
because all TSC tests were started at TT7°K, and the peak temperature for
a 0.13 eV trap should be near 60°K. Evidence for the shallow trap is seen
in the decay of photoconductivity at T7°K following excitation of the crys-

tal by bandgap light. A typical decay curve is shown in Fig. V-3. Using
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Eq. [3.31] for E, in terms of T, the value E_ = 0.13 eV is found for t,

= 0.23 seconds and 8, = lO-lhcm2.

A series of TSC experiments was performed to determine the rates
of filling of the two TSC traps. Fig. V-4 shows that the deeper trap is
partially filled before the bandgap light is applied, due to incomplete
emptying during the preceding TSC test. Furthermore, the 0.Th eV trap
fills very slowly in comparison to the deeper traps. Both of these facts
imply that the level has a small capture cross section St’ which can be
estimated to be about lOnlBsz, using Eq. [3.16]. The trap at 0.35 eV
fills more rapidly than the deeper trap, indicating a capture cross sec-
tion of about 2 x 10—16cm2.

The third curve on Fig. V-l, labeled "0.13 eV trap" is actually
a plot of the rise of photoconductivity at 77°K. It has already been
shown that the variation of conductivity at that temperature is governed
primarily by the 0.13 eV trap. At first, it appears that the trap satu-
rates after about 300 seconds, but the leveling-out of the curve ié actu~-
ally a result of the lifetime becoming so short that the rate of recombi-
nation approaches the carrier generation rate. At temperatures below Tm
(0.13 eV),the TSC peak temperature for the 0.13 eV level, the trap does
not tend to return carriers to the conduction band as it does at TT°K,
and hence it fills to a much greater density.

Fig. V-4 also shows that the 0.T4 eV trap resumes filling im-
mediately when the light is turned on, while no incregse in the density
of carriers at the 0.35 eV trapbis seen until about 2 x 1011‘L photons have
entered the crystal. Similarly, the 0.13 eV trap begins to fill after

5

about 4 x lOl photons have arrived. Therefore, the electrons prefer to
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occupy the lowest energy states as long as the probability of finding a
vacant site is high. As the number of empty sites at deeper traps is
reduced by filling, electrons begin collecting at shallower levels.

Since the volume of the sample is 0.143 cm3, these figures may be used

15

b

to roughly estimate the trap densities as follows: N (0.74) = 1.5 x 10

16, and N (0.13 > bk x 1016 em™>,

N (0.35) > 3 x 10
The CdS:Al is sensitive to sub-bandgap light at certain wave-
lengths. The result of a TSC spectrum shows that traps are filled if the
light is sufficiently energetic to excite carriers from the valence band
to the trap. Furtherfore, weak photoconductivity is seen throughout the
wavelength range 9.0 ¢ > A > 1.55 y, which corresponds to energies be-
tween 0.138 eV and 0.80 eV. Thus the infrared light excites carriers to
the conduction band from the traps. The photoconductivity increases for
A < 1.25 p3 this near-infrared response is presumed to be brought about by
exciting carriers to the conduction band from a compensated acceptor level
near 1.2 eV above the valence bvand. No infrared quenching is seen at any
wavelength. If any is occurring, it is masked by stimulation of conduc-

tivity at the same wavelength.

CdS:Al SINGLE CRYSTAL-PHOTODIELECTRIC EXPERIMENTS

When a photodielectric experiment is performed on the CdS:Al
sample, both permanent and temporary frequency changes are produced, de-
pending on the wavelength of the light used. The initial frequency change
and change in absorbed power due to bandedge light are shown in Fig. V-5
and Fig. V-6. The variation fits the model from Chapter IIT assuming the
existence of a single sensitizing center with fast hole treapping. The

frequency change is linear and amounts to -480 kHz in 20 minutes for an
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inecident photon flux of 1.25 x lO13

photons/sec. The absorption coeffi-
cient for the light was measured to be T73.3%, and the sample volume is
0.1k43 cm3. Assuming unity conversion efficiency, we find An = T.69 x

1ol6cmf3. With £ = 8.5 x 108

Hz, G = 5.32 x 10'2, and ei = 60,

Eqs. [2.31] and [2.16] give E = 0.1315 eV (see Table I-1 for calcu-
lated value of t). Therefore, the shallowest o the three traps appears
to capture the generated carriers. This implies that the 0.13 eV level
has a relatively large capture cross section and that the density of
sites is large. To measure St (0.13), a photodielectric experiment near
50°K is needed.

To estimate N (0.13), it is only necessary to find the maxi-
mum gttainable frequency shift; this shift was found to be =3.15 Miz.
Use of Eq. [2.31] once again indicates that a lower bound on N, (0.13)
is 6 x lOl7cm_3. This requires two assumptions; first, the traps should
be saturated. This condition is easily satisfied by using a very high
light level and making the measurement after the frequency has decreased
to its lowest value. The second assumption is that all of the frequency
shift is due to the shallowest trap. It is easily seen that deeper levels
make only a very small relative contribution to the freguency change. For
example, if the level at 0.35 eV were filled to the same density as the
shallower level, its contribution to Af would only be 5% of the contribu~
tion of the 0.13 eV trap. The 0.T4 eV trap would contribute ~ 0.1%.

Fig. V-5 also shows that when the light is removed, the fre-
guency shows a very slow upward drift. Observation for a longer period

of time reveals a decay time of many hours. At 4.2°K the probability of

escape from the 0.13 eV level to the conduction band by thermal excitation
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is n lO—lOOsec_l, so it is conceivable that carriers slowly tunnel out

of the trap into a recombination center located nearby in the crystal.

EVIDENCE FOR VERY SHALLOW ELECTRON TRAP

The power absorption curve for CdS:Al exposed to band-edge
light is given in Fig. V-6. It consists of a linearly varying component
plus a transient component; the two components are shown in the figure
by dotted lines. The linear component is expected to result from filling
shallow traps. The other component would be attributable to excess free
carriers if the rise and decay were instantaneous. The fact that rise
and decay times of v 60 seconds are observed indicates that a previously
unsuspected, very shallow trap must exist.

An estimate of E, for this very shallow trap is obtained by as-

t
. . -4 2 _
suming any reasonable value of St' For example, if St =10 " em o, Et =
4.80 meV, and if 8, = ldl80m2, E = 8.13 meV, using Eq. [3.31]. From the

’l7cm2 and E, = 7 meV.

decay time of 142 seconds at 4.0°K, 8, = 10 +

The density of carriers in the very shallow trap may be calcu~
lated from the power absorption curve. Fig. II-2 indicates that for 1 =

10-15 sec, a carrier in a trap within about 20 meV of the conduction band

45

has a relative contribution to power absorption B" of 107~ sec from
Eq. [2.30]. At a level at 0.1315 eV an electron has a contribution of

1" —21 ) . —_ 9
B" = 7.7 x 10 sec if w = 5.34% x 107, from Eq. [2.22]. Thus, the power
absorption experiment is 7.7 x 10_6 times as sensitive to a carrier in
the 0.13 eV trap compared to one in the shallowest trap. Fig. V-6 indi-
cates that the carriers in the deeper trap have a total effect which is

about L4 times larger. Therefore, during illumination the equilibrium

density of carriers in the very shallow trap is
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i -6

_ 1 12 -3
nt(0.00T) =

x 107 x nt(O.l3) = 1,15 x 10 “cm

The density of conduction band electrons is related to this density by
Eq. [3.32], n = nt(O.l3) X (TL/Td). The effects of free electrons are
not visible in Fig. V-6 since TL/Td is probably less than 1o'u and the
power absorption experiment is equally sensitive to free electrons and
electrons in very shallow traps.

Since there is an appreciable density of electrons in the very
shallow trap, it may seem unusual that apparently no trace of them was
seen in Fig. V-5. The reason for this is explained by reference to Fig.
II-1. The factors B'(0.007) and B'(0.13) are about the same magnitude,
but nt(o.oo7) is quite a bit smaller than nt(O.lB). The result is a
failure to observe the small increase in frequency (v 300 Hz) expected
when the carriers from the shallower trap decay to the deeper trap. The
effects of the 0.007 eV trap would probably be observable if stronger il-

lumination were used to increase nt(0.00T).

INFRARED RESPONSE OF THE SENSITIZING CENTER

Infrared light at various wavelengths was applied to the sample,
resulting in two different types of effects. Light with A = 0.95 u has the
same effect as band edge light; irreversible increases in both e; and e;
are observed. This behavior can be explained as excitation of electrons
from the compensated acceptor sites 1.28 eV above the valence band to the
conduction band, followed by decay into a shallow trap. The rate of fre-
guency decrease is 1.17 kHz/sec for a photon flux of nearly 3 x 10lh pho~
tons/sec. The applicable absorption coeffiéient is obtained from Fig. V-1,

and Eq. [2.31] then yields E = ,13 eV, Thus, the 0.95 y light effectively

excites electrons from the deep sensitizing center to the 0.13 eV trap.
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The electrons prefer to decay into the shallow trap rather than return to
the sensitizing center because the capture cross section of the latter is
usually very small (normally ~ 10_2lcm2)8.

The density of deep sensitizing centers can be estimated by not-
ing the amount of time that passes before the sample no longer responds
to 0.95 u light at a given photon flux. In the CdS:Al, with a volume of
0.143 cm3, a = 65.5%, and T = 2.8 x lOlu photons/second, the frequency
begins to level off after about two minutes of irradiation, indicating a
density of about 1017cm—3 of the compensated sensitizing centers.

The power absorption data must be used to confirm that the ef-
fect discussed above does not occur because of saturation of the traps.
In that case, the electrons would begin collecting in shallower traps or
the conduction band, and the power absorption curve would break upward.
(This phenomenon was illistrated in Reference 27,. In the case of the
0.95 u light, however, the power absorption curve levels off, indicating
that the process of excitation of electrons has ceased, and hence the deep

level has been exhausted.

INFRARED RESPONSE INVOLVING A DEEP ELECTRON TRAP.

From TSC data, reported in Table V-1, there is a deep electron
trap at 0.T4 eV below the conduction band. Photodielectric measurements
of the defect reveal some interesting behavior. A temporary increase in
e; is caused by wavelengths longer than about 1 p, with a sizeable peak
at 1.6 u. At the peak, a frequency change of 165 kHz results from ir-
radiating the sample with 5.8 x 10lh photons per second. The rise and

decay times for the effect are about one minute, indicating that the level

at 0.007 eV is also involved. The photon energy at 1.6 u is 0.775 eV,
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s0 the photosensitivity at that wavelength indicates it must be a result
of exciting carriers from the electron trap at 0.775 eV to the conduction
band, followed by circulation through the 0.007 eV level.¥ After spend-
ing about a minute in the shallowest state, the electron returns to the
deep level. Relating Af to An, by Eq. [2.31] indicates both levels have
densities greater than 5 x lolhcm"3.

The fact that 1.6 pu light caused no permanent frequency change
means that no carriers were permanently added to the 0.13 eV level. The
traps at 0.13 eV were not saturated, because a subseéuent application of
band edge light permanently lowered the frequency as before. The only ex-
planation consistent with the other data is that carriers removed from the
level at 0.775 eV are gquickly replaced by electrons initially in the 0.13
eV level. For this to be the case these two levels would have to be re-
lated. Two of the most common possibilities would be for the shallow level
to be an excited state of the deeper one, or for the two sites to exist at
a complex imperfection such as a donor-vacancy pair.

For the model given above, the irradiation is assumed to excite
an electron to the conduction band, followed by rapid decay to either the
0.13 eV or 0.007 eV trap. Meanwhile, a carrier from the 0.13 eV level
drops to the O0.775 eV level. Therefore, the net effect is an increase in
the density nt(0.00Y) and a decrease in nt(0.13), which would be expected
to lead to a small reduction in resonant frequency. When the light is re-
moved, the excess density in the shallow levels decays into the deeper
levels in about 60 seconds, returning the frequency to the initial value.
The total maximum frequency excursion is expected to have a contribution

due to an excess density of carriers in each of the traps, but the compo-

nents cannot be separated because of the rapid decay times involved.
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The properties of the traps observed with the four standard
tests, absorption, photoconductivity, TSC, and decay curve analysis, are
listed in Table V-1. Likewise, data derived from the contactless photodi-
electric experiments is givén. A comparison of the numerical values gives
excellent agreement, especially if the dilation of the energy gap and in-

T

crease in trap energy with decreasing temperature are taken into account’ .

CdS:Al POWDER SAMPLE - PHOTODIELECTRIC RESULTS

A photodielectric experiment was performed on the powdered sam-—
ple of CdS:Al, and the resulting Af and AP curves are shown in Figs. V-7
and V-8. These should be compared with the corresponding curves for the
single crystal sample, Figs. V-5 and V-6. For strongly absorbed light,
the response of the powder sample matches the response of the single crys-
tal sample of CdS:Al. Like the single crystal, the polycrystalline sample
operates as a light integrator at 4.2°K, and exhibits no observable infra-
red gquenching.

The two samples may be gquantitatively compared by finding the
value Af/At for a given level of light and then dividing by the sample G
factor to normalize the result. For the single crystal, Af/At = 4.00 x
lO2 Hz/sec and G = 0.0532, so Af/GAt = T7.66 x 103 Hz/sec. TFor the poly-
crystalline sample under identical illumination, Af/At = 31.7 Hz/sec and

3

¢ =L4,2x 107, so Af/GAt = T.5h4 x 103 Hz/sec. The power absorption may

also be compared by calculating AP/GAt. For the single crystal, AP/At =

3.9 x lO_h sec—l, so AP/GAt = T.b x 10"3sec™t. The powder sample has

AP/At = 4,32 x 107sec™

, 80 AP/GAt = 1.0 x lO_esec_l. The slow decay
Af also proceeds at nearly the same rate in the two samples. For both

samples the slow upward drift initially corresponds to Af/GAt = 350 H



TABIE V-1
Trapping and Recombination Parameters of CdS:Al

Level# Method T, % S_, > cn® N, em™3
0.007 PD 4.2 10747 >5x104"
0.125 Abs 300

PC
0.13 Decay 7 lO“lh >hx1016
6.1315 PD L.2 large >6x10° 1
0.35 TSC 2x10™ 16 >3x10°0

Abs 300
0.37 PC 300
0.7k TSC ~10718 >1.5x10%7
0.775 PD b2 >5x100
1.3 PD b2 small 1017

* Measured from the conduction band in eV.
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Frequency change vs time for CdS:Al powder sample at 4.2%
with T = 6.4x10' photons/cn®-sec, f = 8.5x10%, and G = 0.0042,
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Similarly, no differences are observed between the two samples with in-
frared stimulation applied.

It is, therefore, evident that the two samples behave similarly
in every respect and all of the analysis previously applied to the single
crystal of CdS:Al also applies to the polycrystalline sample. This con-
clusion was expected since the light used was strongly absorbed in the
bulk rather than at the surface. Furthermore, if the distance & free

carrier drifts during one-half cycle of the rf field is estimated as

d = uE/f [5.1]
- . 2 1k 9
where the mobility u = 10 em /volt seec” , the frequency f = 10° Hz, and
the electric field Ee is estimated at 100 V/cm, then 4 = 10-6 cm = 100 ﬁ,

which is obviously very small compared to the average size of a CdS grain

in the powder sample (estimated to be 1072 o 1073

cm on a side). This
implies that the average carrier in a CdS grain does not tend to encounter
the grain surface, and bulk effects are still observed.

CaS:Ag -~ STANDARD EXPERIMENTS

The CAdS:Ag is analyzed with the same technigues used in testing
the CdS:Al. The absorption spectrum is shown here as Fig. V-9. A correc-~
tion for reflection has been made by multiplying by (1-R) = .848, where R
is the calculated reflection coefficient. The result shows that the ab-
sorption edge at room temperature is at 0.525 (2.36 eV) while the band-
gap is generally given as 2.40 eV. Very small pesks appear at 0.595 n
(2.08 eV, or 0.32 eV below the conduction band) and 0.64 u(1.94% ev, or
Eg - E, = 0.46 eV, where Eg is the bandgap energy and E, is the photon

energy). A very large peak occurs at 1.0 u(ET = 1.24 eV, Eg - B = 1.16

eV).. In the infrared, there are peaks at 2.6 u(E

o = o.h77 eV), 3.2 u

(E

e = 0.387 eV), and about 3.9 u(ET = 0.318 eV).
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Figure V-9. Absorption spectrum in CdS:Ag at 300°K.
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The absorption measurements imply the energy level scheme shown
in Fig. V-10. The data is consistent with the presence of three elec-
tronic states located 0.47, 0.39, and 0.32 eV below the conduction band.
Except for the 0.39 eV level, transitions are seen both to the level in
guestion from the valence band, and from the level to the conduction
band; the unseen transition from the wvalence band to the 0.39 eV level
could easily be hidden in the data. The large amount of detail in the in-
frared portion of the spectrum could contain peaks other than those listed
above. It is probable that a quasi-continuum of states exists between
0.5 eV and 0.2 eV.

The large peak seen at 1 u appears to be abnormally wide, and
it could easily result from two complementary transitions. If the sample
is compensated, which is usually the case, the compensated acceptor sites
normally seen in CdS near 1.0 eV above the valence band are partially
filled with electrons., In this case, the data indicates that the level
is ~ 1.24 eV from one of the bands, which would place it very close to the
center of the gap. It is likely that part of the 1 p light excites elec-
trons to that level from the valence band, while the remainder of the
light excites electrons from the level to the conduction band. Thus, with
two possible transitions of slightly different energies available, the ab-
sorption shows a high, wide peak.

The room temperature photoconductivity spectrum of the CdS:Ag
for light in the wvisible region is given in Fig. V-11. There is little

detail except for the large peak at 0.5k45 u(ET = 2,275 eV, Eg - B, = 0.125

T
eV). It is tempting to interpret the peak as a shallow trap, but this can-

" not be done with complete confidence. In the wavelength region near 0.545u
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absorption rapldly increases as wavelength decreases. As the region of
absorption becomes limited to the front surface of the sample, the free
carrier lifetime is expected to drop sharply due to the large number of
recombinagtion centers at the surface. Thus a peak is expected at the
wavelength where the best combination of absorption and lifetime exists.
Whether the 0.545 p peak results from the absorption vs. lifetime effect
or from the existence of a discrete level is uncertain.

The photoconductivity spectrum also contains a bulge from 0.60 u
to 0.615 u. This indicates a transition of » 2.07 eV, and, therefore, the
bulge probably results from exciting electrons from the valence band to
the 0.32 eV trap. The conductivity increase occurs because of thermal
genergtion of the excess trapped carriers into the conduction band or from
the free holes in the valence band.

Efforts to obtain infrared photoconductivity spectra in CdS:Al1
are not very successful because the sample exhibits a quenching effect
which interferes with the excitation process. Tests at 300°K, TT7°K, and
4.2°K all tend to show the same results: excitation occurs for ~ T u
>A > 2,6 pu(v 0.17 eV to v 0.47 eV) and two peaks appear at A = 3.5 i
(v 0.35 eV) and 2.5 u(v 0.47 eV). The data tends to confirm the existence
of a distribution of states within 0.47 eV of the conduction band, with
appreciable concentration at 0.35 eV and 0.47 eV.

More detdils about the traps are learned from observing photo-
conductivity decay. At room temperature the decay has a rapidly varying
component with t < 1 second and a slower component Wifh 1 = 30 seconds.
Using Eq. [3.16] allows only an estimate of E

t
not known. The slower decay is governed by a level at 0.7 + 0.1 eV.

to be made, since St is
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Consistent results are obtained if the rapid decay is due to the 0.4T eV

trap with a capture cross section of 1.4 x 10_180m2; the 0.35 eV level

could cause the decgy if its capture cross section were ™ lO—QOcmz, but
this is not considered to be reasonable. A check on these values is ob-
tained using TSC data.

TSC tests on CdS:Ag reveal three major peaks at 337°K, 210°K,
and 125°K. Use of Egs. [4.2] and [3.16] and the decay data given above
indicates that the deepest discrete level is at 0.82 eV with S, = 2 x 1077
cm?.

Decay tests at TT°K show short and long period decays, with the
longer time being about 120 seconds. The short term decay is probably in-
fluenced by excess carriers and shallow traps and cannot be measured ac-~
curately. Assuming the 120 second decay goes with the TSC peak at 125°K,
Eq. [4.2] can be used to calculate E = 0.16 eV, Egq. [3.16] then indi-

~16 2

cates that St(0'16) ® 10 ““em™, but the small uncertainty in E_ causes a

large uncertainty in St'
Light at T ¢ causes a small increase in the CdS:Ag conductivity
at TT°K, with a decay time of about 120 seconds. Light at 3.5 u causes a
larger conductivity increase with about the same response time. The 120
second decay time for both wavelengths means that the photogenerated car-
riers circulate between the conduction band and the 0.16 eV.trap at TT7°K.
A small conductivity increase for T u light results, since the carriers
must be excited from the 0.16 eV trap. The density of trapped carriers

there is always small because carriers are able to escape thermally from

the trap. A larger effect occurs with 3.5 u light because the excitation
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frees carriers from the 0.35 eV trap, which tends to be highly populated
because of the lack of enough thermal energy to empty it.

Light at 1 u also leads to an increase in the sample conductiv-—
ity when the shallow traps are empty. Both the rise and decay times of
the effect are essentially instantaneous. The 1 uy light is expected to
free both holes and electrons from the compensated acceptor center, and
therefore it creates an excess density of carriers in both bands. A
rapid decay is seen when the infrared is removed because the two excess
densities rapidly recombine. The small size of the effect is also a re-
sult of the fast recombination rate.

A series of TSC experiments shows that the traps fill in the
expected order, with deeper levels filling first. The 0.82 eV level tends
to fill in the dark at room temperature, so the 0.35 eV level guickly
starts capturing carriers when illumination is first applied. (The 0.47
eV level was never detected in a TSC experiment, which implies either a
low trap density or a small capture cross section). The light, absorbed
at the rate 7 x lOlucm_3sec—l, fills the 0.35 eV level to ~ 10% of the
saturated density of the trap in about 30 seconds, which implies the den-
sity of traps at that level is about 2 x lOl7cm_3. In the same amount of
time, the shallower level at 0.16 eV fills to v 5%, so its density is es-

timated to be about L x ZL()]'Tc:m—3

. If any recombination takes place due
to a long free hole lifetime, these estimates must be reduced.

Infrared light in the Wavélength interval 3.0 p > A > 0,9 n
quenches the photoconductivity in CdS:Ag at room temperature; the most

efficient wavelength is 1.175 u which corresponds to a transition from

the valence band to a level 1.1 eV above it. The mechanism for gquenching
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at other wavelengths is not known, but it may involve an optical transi-
tion to an excited state of the sensitizing center, followed by thermal
emission to the filled band. At TT7°K the quenching efficiency of 1 u
light is at least 20 times higher than at other wavelengths. A sequence
of TSC experiments shows that 1 u light applied for a sufficient length
of time empties virtually all of the electron traps below 0.50 eV; the
density in the 0.82 eV trap is unchanged.

The variation of the sample current at 4.2°K during bandedge
and infrared illumination and during decay is shown in Fig. V-12. The
free carrier density varies only by a factor of four between the most un-
excited and most highly execited situations. The density of carriers at
the lowest point corresponds to 1.65 x 107cm_3. The response time during
decay is about 3 minutes, and a TSC peak can be observed at 9°K, indicat-

16 2

ing E, = 0.007 eV with S = 107 em”.

t
CdS:Ag ~ PHOTODIELECTRIC RESULTS

The behavior of the CdS:Ag in a photodielectric experimeht is
shown in Figs. V-13 and V-14. ©No change in the frequency appears until

15

about T x 107~ photons per cm3 are absorbed in the crystal. This repre-
sents the filling of deep traps which contribute relatively little to
the frequency change. Figs. V-13 and V-1l are representative of the ef-
fects seen after the filling of the deep traps is accomplished.

The frequency change observed corresponds to an incident photon

3 photons per second on a 0.052 cm3 sample with G = 0.0266.

flux of 1.7 x 10l
At this light level the frequency changes gbout 33 kHz in 22 minutes, fol-
lowing a non-exponential curve. The rate of decrease drops shorply after

about 6 minutes of excitation, and appears to assume a constant value by
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the 20 minute mark. OSimultaneous power absorption measurements reveal a
rapid increase in AP which begins to level off after about 10 minutes
have elapsed. At the 20 minute mark the rate of change of AP is at a
relatively low and constant value. When the band edge light is removed,
both Af and AP show a partial recovery with a response time of about 3
minutes.

Analysis of the traps is made somewhat difficult by the parti-
cipation of several traps at the same time. The overall behavior indi-
cates that the model having a single sensitizing center with élow hole
trapping should be used. The depth of the shallow trap is easily ob~
tained from the decay curve when the band.edge light is removed, but the
depth of the other traps cannot be found without knowledge of the density
of carriers in each one. Since the energies of the deeper traps may eas-
ily be found by other methods such as TSC, this analysis will concentrate

on making accurate calculations of S, and Dy, given Et‘

t
TSC measurements reveal traps at 0.32 eV, 0.16 eV and 7.0 meV
in the sample of CdS:Ag. Data from Kulp, et al.77 suggests the levels
shift to 0.35, 0.17, and 0.007 eV at 4.2°K. The presence of the level at
0.007 eV is confirmed by studying the decline of Af. The decay time ob-
served is 168 seconds; Eq. [3.16] gives Et = 7,68 + 0.8peV for any reason-
able value of St assumed. Since the frequency increase amounts to 9 kHz,
Eq. [2.31] reveals that the density n, (0.007) is 1.3h4 x lOlhcmf3.
The Af curve can be approximated by three regions where Af vs.
time is linear, as shown in Fig, V-15, TIn the initial region, the fre-

quency drops at a rate of -117 Hz/sec. Next come slopes of -37.3 Hz/sec

and -8.09 Hz/sec. Therefore, the model to be used has three levels
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contributing frequency variations of -8.09, -29.21, and ~87.8 Hz/sec
when the absorbed light flux is 2.33 x lOlh photons/cm3 sec. The value
of B'(0.35) is too iow to allow the 0.35 eV level to account for any
but the lowest slope. Similarly, the 0.17 eV level cannot account for
the highest slope. Application of Eq. [2.31] then indicates that the

12 13

three traps have net capture rates of 1.23 x 100, 1.98 x 107~, and

ko7 % 10%3em™3

sec_l, in order of increasing Et' The sum of the three
rates accounts for only 27% of the electron-hole pair generation rate.

This implies that the free hole lifetime is sufficient to cause recombina-
tion of the remainder of the electrons, and therefore that infrared quench-
ing should be observable.

The linearized frequency change curve also allows the capture
cross sections and densities of the traps to be found. The response time
of 168 seconds for the 0.007 eV trap at 4.2°K gives St(0.007) = 1.61 x
ldi6, while the density of carriers there at saturation is 1.34 x lOu.

Equating this density to Nt (0.007), taking 1.23 x 1012 for the initial

value of dnt(0.00T)/dt, and using Eq. [3.2] with n
3

+ + 0 yields the density

of free carriers n = 2.26 x 10 'cm 2. The fact that dn, (0.007)/dt is

fairly constant during the period when nt(0.00T) is a small fraction of
Nt(0.00Y) indicates that n does not change by a large factor.
The filling of the 0.17 eV trap proceeds for ~ 480 seconds and

accounts for a net frequency drop of -13.8 kHz when it is saturated, so

Eq. [2.31] gives N, (0.17) = 9.4 x lOlscm_s. Similarly, saturation of

the 0.35 eV trap causes a Af of -4} kHz, indicating Nt(O.SS) = 2,62 x

101 Tem™3, Application of Eq. [3.2] then yields S (0.17) = 3.82 x 10717

-18 2
cm

cm2 and St(O'BS) = 2,86 x 10 . The excess free electron lifetime is

7

A~ 10 ' seconds.
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INFRARED EFFECTS

Figs. V-13 and V-14 show that the CdS:Ag is very sensitive to

quenching radiation. The absorbed flux of 1 u light is k4.5 x lO15

pho-
tons/cm3—sec, and 60 seconds worth is sufficient to remove 85% of ~
ZLO:LTcm_3 trapped electrons. This indicates that about half of the holes
freed by the infrared light eventually recombine with a trapped electron
rather than being recaptured at a hole trap. The capture cross section
of the hole traps for holes is therefore about the same as the capture
cross section of filled electron traps for holes, and the time required
for the frequency change depends mainly on the infrared photon absorption
rate. The 1 p light eventually removes at least 95% of the trapped elec~-
trons.

When the 1 p light is turned off, a small additional frequency
increase occurs, with a fast response time. This transient component oc-
curs because a small part of the infrared light frees electrons from the
compensated acceptor sites, and they give rise to a small negative Af by
spending a small amount of time in the shallow traps before recombination
with the free holes. Removal of the 1 p light allows the excess free holes
to remove these electrons, and the frequency rises as a result. This
phenomenon cannot be explained by the transferring of electrons from the
valence band to the acceptor sites because B' for electrons at that level
is ~ 10_30. To achieve the frequency change observed would require the
impossible condition of more excitation events than absorbed photons.

When the traps are empty, the effect is observed immediately following

the application of the long wavelength light. The proposed model requires
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only 5 x% 10lh electrons/cm3 to be freed from the deep level, which can be
accomplished in less than a second.

The application of longer infrared wavelengths to the CdS:Ag
leads to small values of Af and AP which correspond to excitation from
the electron traps. The spectrum obtained appears in Fig. V-16. The fre-
quency change occurs rapidly following the introduction and removal of
light. The infrared is preceded by bandgap light to fill the electron
traps. An increase in frequency occurs at v 7.0 p due to the partial
emptying of the trap at 0.17 eV. All other wavelengths cause the freguen-
cy to decrease, but an increase at 3.5 u is superimposed over the general
decrease,

The behavior seen in Fig. V-16 is explained by assuming the in-
frared light at each wavelength excites electrons from a certain trap to
theconduction band. The electron may then decay into any unfilled trap,
including the one it left initially. Carriers in very shallow traps even-
tually relocate in deeper levels if empty sites exist. An increase in
frequency results when an electron is removed from a trap, and a decrease
occurs upon retrapping; the size of Af depends on B'. The probability
that a free carrier will be trapped at a level depends on St(Nt - nt) for
that level. Thus the amount and sign of Af involves a comparison of the
B'St(Nt - nt) products of the traps and B'An, at the initial lewvel.

t

The increase in f seen at T py occurs because the produect B'Ant

for the 0.17 eV level exceeds B'An, for the 0.007 eV trap. The near-

t
saturation of the shallowest trap allows this situation to occur. The

remainder of the electrons ejected from the 0.17 eV trap remain in the

conduction band as excess electrons, and are retrapped at the deeper level
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when the light is removed. No permanent component of Af is seen because
the traps are all nearly saturated.

The general increase in Af with decreasing X for A < 3 u re-
sults from exciting electrons from a low density distribution of states.
The average time these electrons spend in the shallow level is relatively
long possibly due to a small capture cross section characterizing the
distribution. As the energy of the deep trap increases, its value of B'
increases, and thus a more negative Af occurs, showing the increasing
relative importance of the shallow trap. The peak seen at 3.5 pw is pres-
ent becuase of the large density of traps at 0.35 eV. More excitation
transitions are possible there than for adjacent energies, but the value
Ant(0.007) is still limited to a low value due to saturation of that
level. However, B'(0.007) >> B'(0.35) and the net effect is near cancel-
lation of Af due to carriers leaving the deep level by Af due to excess
carrners in the shallow level.

The results of the standard and photodielectric experiments
performed on the CdS:Ag are listed in Table V-2,

HIGH PURITY CdTe SINGLE CRYSTAL - STANDARD EXPERIMENTS

The CdTe single crystal sample is a thick plate cleaved from a
single crystal chunk. Four standard experiments were performed on the
sample: optical absorption, photoconductivity spectra, decay analysis,
and TSC. The agbsorption measurements did not produce any conclusive data,
probably because of the large sample thickness (v 2 mm), and thus those
experiments are not included here.

The results of a T7°K photoconductivity spectrum of the CdTe

sample, which is p-type down to that temperature, is given in Fig. V-1T.



TABLE V-2

10k

Trapping and Recombination Parameters of CdS:Ag

o 2 -3
Level + Method T, K Snt’ cm Nt’ cm
0.007 TSC 9 10'16
0.0076 PD h.2 1.61x10°18 | 51, 3ux10tH
0.16 TSC+Decay | 125 10716 <hx10t"
0.17 PD .2 3.82x207%7 | 9.hx10%°
0.32 Abs 300
PC 300
0.35 Quench 300 17
TSC 210 18 | 2x10 17
PD h,2 2.86x10" 2.62x10
0.387 Abs 300
0.4t Abs 300 small
Quench 300 18
Decay 300 1.hx107
0L T Decay 300
0.82 TSC 337 ox10™ 1
N1, 2h% PD h,2
1.16% Abs 300
1.1% Quench 300

+ Energies measured in eV from the conduction band, except (¥),
measured from the valence band.



Photoconductivity per photon, relative

Figure V-17.

Wavelength, u 105
0.5 0.8 1 1.5 2 3 4 5 6 7

L L L L) ¥ [} ) L i |

0.3 p

0.1

0.03p

| 1 | N 1 1 1 1

2.5 2.0 1.5 1.0 0.8 0.6 0.4 0.3 0.2

Photon energy, eV

The relative photoconductivity spectrum in CdTe at 77°%K.



106

The large peak at 0.8 p represents the band-to-band transition, corres-
ponding to the low temperature bandgap of 1.59 eV according to Marple
and Segall66. Another obvious transition occurs with A = 5.4 u, corres-
ponding to an energy increase of 0.23 eV. No other reports of this level
have been found in the literature, and it is assumed to be a hole trap
0.23 eV above the valence band. Another peak apparently exists around
A= 2.25 p, with E = 0.55 eV, This may result from the doubly ionized
acceptor at a cadmium vacancy, reported by DeNobel68 at 0.60 + 0.5 eV,

At 4.2°K the sample is an insulator with p > 10%° Q-cm. This
value can be lowered to ~ lOlO fil=cm by relatively strong bandgap light

h -1

with p = lOl cm—3sec . The rise and decay of the photoconductivity oc-

cur immediately upon changing the illumination, and the rapid decay ex-
ceeds the dynamic response of the instruments. The free hole density

varies linearly with T, which indicates that t. is constant and the opti-

L
cal free hole generation dominates the behavior. The calculated lifetime

3 3

is 2 x 10‘8 seconds for AP = 1.5 x 106cm' and T = 7.5 x 105 3en” sec™L,

The results of TSC experiments given in Figure V-18 show that
two traps with very small densities exist in the CdTe. The first peak at
25°K has Et = 0.045 + 0.015 eV, and it probably corresponds to the hold
trap at 0.05 eV seen by Lorenz and Segall80 in pure CdTe and attributed to
Cd vacancies. The second peak occurs at 60°K and causes the current to de-

cay in about T seconds at T7°K. Use of Egs. [3.16] and [4.1] indicates

that the level is 0.124 eV above the valence band with St = 10—18. The

densities of carriers in the traps after high illumination, as estimated

from the area under the TSC peaks, are both less than lOlscm_B, with Pt

(0.05) by about 10.
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Figure V-18. Thermally sgimu]ated conductivity in CdTe. A hole trap
at 0.045 eV appears at 257K, and another at 0.124 eV appears at 600K.
The current variation between 809K and 250%K reveals an acceptor level
at 0.105 eV, while an acceptor at 0.23 eV is indicated by the behavior
above 2509K.
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At temperatures above 80°K, p rises exponentially over five or-
ders of magnitude with a slope indicative of an acceptor level at v 0.105
eV, and for T > 250°K, the slope increases to show another acceptor at
0.23 eV. The latter is also seen in photoconductivity spectra, as was
mentioned previously. A change in photosensitivity occurs for tempera~
tures between 4.2°K and 2°K, and analysis using Eq. [3.8] modified for
holes for the dependence of p on T gives Et

tude of the second term of Eq. [3.8] is about 1/7 of the first term at

4.2°K, which indicates that ptsp,c =6 x 10—6cm-l when T = 7.5 x 1013,

= 0,003 eV. Also, the magni-

HIGH PURITY CdTe - PHOTODIELECTRIC EXPERIMENTS

Typical photodielectric behavior of the CdTe sample is shown in
Figs. V-19 and V-20. The curve of Af has the same shape as the photocon-
ductivity variation in the same sample at 4.2°K. The only differences are
that the AL plot does not return to the initial value when the light is
removed, but rather retains a permanent shift of ~ 19 kHz. This offset
occurs after the first illumination cycle and represents the permanent
filling of traps. The other difference is that the signal seen for the
photodielectric effect is about four orders of magnitude above the noise
level of the equipment, while the photoconductivity signal is only about
ten times greater than the measurement limit when approaching the onset
of space charge limited biasing. Photodielectric data allows the calcu-
lation of the model to be completed.

The shape of Fig. V-19 is easily explained by trapping in the
0.003 eV level seen in the low temperature conductivity tests. It is as-
sumed that light creates free carriers and the electrons immediately pro-

ceed to recombination centers near the middle of the band. Although
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these levels were not actually observed in these experiments, their pres-
ence is expected because of the occurrence of p-type conductivity and be-

37

cause other experimenters™ have reported them as luminescence killer

centers in p-type material. Free holes are either trapped at the shallow
hole trap or proceed to the killer centers and recombine. Thus the recom-
bination centers account for the small value of conductivity. A few holes
are permanently trapped; the levels detected with TSC experiments contrib-
ute the offset frequency of 19 kHz seen in Fig. V-19.

The large temporary frequency change, due to holes in the 3 meV
trap, represent a density of trapped carriers of 3.9 X-lOllcmf3. This re-
sult comes from Eq. [2.31] with B'(0.003) = L x 10723, Since the photocon-

3

ductivity gives p = 1.5 x 106cm_ and PtSpt =6 x lO--6cm—l under the same

conditions, the hole capture cross section Spt(0.00B) is 1.55 x 10_17cm2.

the density of hole traps, Pt(0.003) is found to be 2 x lOlgcm-B, again
using Eq. [3.8].

The value of Spt may be checked using the photodielectric decay
when the light is removed. The response time given by Eq. [3.31] appears
to be v 30 seconds, which implies Spt(0.003) =2 x 10—17cm2. The response
time actually represents the emptying of the trap here; the photoconduc-
tivity response time should be the same. After the holes are thermally
ejected from the trap, they recombine at a killer center instead of re-
turning to the trap, so the frequency change is reversible.

The preference by holes for recombination implies that NkRpk >>
Ptspt = 10 cm, where the k subscript refers to the killer centers. Since

the hole trap has only a minor effect on the carriers, the killer centers

may be treated with the single electron trap model discussed in Chapter
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ITI. Use of Eq. [3.11] then gives Rpk = 2,78 x 1o'l6cm2, only an order of

magnitude larger than Spt' It is likely, therefore, that Nk > 2 x 1018cmf3.
The lack of data on the specific variation of the free electron concentra-
tion precludes calculating Nk and Ek' This estimated wvalue of Nk is too
large if appreciable recombinatipn also occurs at Pt'
The power absorption data does not shed additional light on the
analysis because B"(0.003) = B"(free hole). Since p << pt(0.003), the
power absorption curve is expected to be similar to the frequency change
plot, and a comparison of Figs. V~19 and V~-20 shows that that is the case.
The permanent frequency offset of 19 kHz is attributed to trap-
ping at the 0.05 eV and 0.124 eV hole traps, which were the only two traps
observed by TSC methods. It has been noted that pt(O.lQM) tends to be
about ten times pt(0.0S); on the other hand, B'(0.05) = 16 B'{0.12k4).
Thus, lacking better ihformation, it is assumed that each of the traps
contributes an 8.5 kHz frequency shift to the photodielectric experiment
after long periods of illumination. This indicates that pt(0.0S) * 1,3 x

1k -3 15

10" cm cn™3. The fact that both traps fill

and p, (0.12k) = 2.1 x 10
within two minutes for T=7.5 x 1013 absorbed photonS/cm3—sec is obvious
from Pigs. V-18 and V-20. Thus, the 0.12% eV trap captures at least 10%
of the photogenerated holes before it saturates, indicating its capture
cross section is comparable to the cross section of other levels.

The relative photodielectric sensitivity of the CdTe to differ-
ent wavelengths is shown in Fig. V-21; the power absorption curve has a
similar shape., The independent variable is the photon energy of the light

used. Only one positive piece of data is obtained from the curve - the

bandgap at 4.2°K is 1.6 eV. The sensitivity remains quite high for A <
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11k

0.775 u, but it falls rapidly for longer wavelengths. No sub-bandgap
transitions are observed, which would be the expected result due to the
rapid recombination and small trap densities seen in the crystal.

The dependence of the reversible portion of the frequency
change on light intensity is shown in Fig. V-22. The power absorption
curve once again has the same shape. It is seen that Af, and therefore
the density of carriers in the shallow trap, closely follow the relation
ptm/ﬁni According to the analysis of Chapter II, this behavior is seen
in the model of a single electron trap and also when strong retrapping
effects are observed. The second model may be tested quickly by calcu-

T, N_,

lating Pt/Rpt from Eq. [3.42], using the known values of E s D> v

-5

and vp. The result is Pt/Rpt = 10220m » which is not a reasonable an-

swer. The largest likely wvalue of R is n lO—lucmg, which would make P

pt t

= 108cm—3, giving the impossible result that p_ > P, -

Thus, it is concluded that at the levels of light employed, the
3 meV level behaves as if it were the only discrete level in the forbidden
band, Physically, this could occur when the other hold traps are satu-
rated and no longer active in influencing the sample characteristics.
Also, the killer center must be highly populated in order to make recom-
bination between free electrons and trapped holes more likely when the
light is increased.

The trapping and recombination parameters observed in CdTe by

the different techniques are summarized in Table V-3.

CdTe:Ag SINGLE CRYSTAL

A portion of the high purity CdTe was doped with silver in an

attempt to achieve high sensitivity in the near infrared. Silver
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Trapping and Recombination Parameters of CdTe

o 2 -3
Level * Method T, K Spt’ cm Pt’ cm
0.003 PD b2 1.55x107 17 ox10%8
PC h,2
15
0.045%0,15 | TSC 25 <10
0.05 PD ) >1.3x10lh
0.105 TSC 80 acceptor
0.124 TSC+Decay | “60 mlo'l8 <101515
PD L,2 *% 2x10
0.23 PC 77
Ts¢C >25Q acceptor
0.55 PC 7
1.6 PD L.2 bandgap
killer PD k.2 0.78x10" 16 npx10%0
center

T Measured from the valence band in eV.

¥% Comparable to cross sections of other levels.
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generally places an acceptor level 0.3 - 0.33 eV above the valence band
at 3OO°K38. It was found that at low temperatures the level is ~v 0.37 eV
from the wvalence band and it completely dominates the sample behavior.
The levels seen in the high purity material were not seen and no levels
other than the silver level are detected. The low temperature photosen-
sitivity of the sample is very poor and the response time is less than
0.1 sec, too fast to be measured. The current cannot be measured ac~
curately at the lower temperatures due to the small size of p, but it may
be estimated that the free carrier lifetime is about a nanosecond, as-
suming a single hole trap model.

Since the sample possesses only a deep acceptor level, very low

65

mobility -, and poor sensitivity, each of which indicates the photodielec-
tric response would be exceedingly small, no photodielectric experiments

were attempted.

HIGH PURITY ZnTe - STANDARD EXPERIMENTS

0f the six common II-VI photoconducting compounds, ZnTe is gen-
erally regarded as the least sensitive38. The sample discussed here
proved to be quite insensitive to most of the experiments performed on
it, because of a very high density of acceptors which cause it to be
high conductivity p-type at 300°K and TT7°K, and a very good insulator
below 35°K. The sample does not produce peaks in a TSC test, but rather
shows an exponential increase of conductivity with temperature. At high
temperatures, the slope reveals an acceptor level at 0.142 eV, which has
been observed by Aven and Segalll0 and attributed to the second ioniza-

tion of a zine wvacancy. They have also reported that the first ioniza-

tion of the vacancy requires 0.048 eV, and a slope with approximately
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0.05 eV activation energy was indeed observed at low temperatures. The
expected energy is somewhat uncertain, howéver; Crowder and Hammer82 show
that the depth exhibits a decrease in effective ionization energy with
increasing concentration, with E = 0.075 eV at infinite dilution. The
room temperature resistivity of the high purity ZaTe is 2.5 Q-cm, which
suggests that the density of zinc vacancies causing acceptor levels is
about 1018cm_3. Considering the large density of ionized acceptors at
temperatures down to T7°K, as well as the absence of trapping effects, it
is no surprise that the ZnTe is not highly photosensitive.

Photoconductivity spectra in the sample at various temperatures
reveal only the band edge peak and a broad peak near 2 u. The latter ap-
parently corresponds to a 0.6 eV transition involving one of the bands;
no other reference to a level at this depth has been noted. It could
represent execitation from a third acceptor level or the freeing of a
compensating hole or trapped electron from a deep donor or "killer" center.

The optical absorption curve for the ZnTe is given in Fig. V-23.
Evidence for the 0.14k eV acceptor appears at 5950 X, where the excitation
of an electron from the acceptor level to the conduction band is the ex-
pected mechanism, The broad peak'around 2 u, noted previously in the
photoconductivity spectrum, is also seen in the absorption curve. No
trace of the 0.048 eV acceptor is observed, due to the onset of bandgap
excitation in the region where absorption by the shallow acceptor should
be seen.

At L4.2°K, the sample is an insulator with p > 1012 Q-cm, Pho-

L 5

ton fluxes of lOl to 10l photons/cm3—sec at visible and near infrared

wavelengths produce no observable photoconductivity in the material,
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Figure V-23. Room temperature absorption spectrum of high-purity
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where the measurement equipment detection limit corresponds to an excess

5

density of about 10 free carriers per cm3. This implies the lifetime is

17

less than a nonosecond. A flux of ~ 5 x 10 photons/cm3—sec from an

Helle laser also produces no noticable increase in current. To get any
photoconductivity response at 4.2°K, it is necessary to apply copious

guantities of light; excitation with an estimated 1 to 10 watts of white

9 lOgOphotons/cm3-sec)

cm_3. These numbers

light from a projection lamp (photon flux = 10
causes the excess carrier density to rise to about lO7
can only be taken as crude approximations, however, because the amount of
the white light actually absorbed by the sample is uncertain, and problems
are always encountered in making ohmic contact to ZnTe at very low temp-
eratures. The rise and decay of the excess current density generated by
the strong white light occurs faster than the response time of the mea-

surement equipment.

ZINC TELLURIDE~PHOTODIELECTRIC EXPERIMENTS

The results of photodielectric experiments on the ZnTe are
quite unusual and difficult to explain. Operating with a minimum detect-
able frequency change of about 100 Hz in a high § cavity resonant at 873
MHz, no frequency shifts were observed at any visible or infrared wave-

lengths at photon fluxes of lOlll - lolscmf3sec-l. The He-Ne laser, de-

T

livering ~ 2 x 10l absorbed photons/cm3—sec at 6328 K, does produce a
frequency change; at 4.2°K Af = +Lk.T kHz, and this increases to +68.5
kHz at 2.75°K, as shown in Figure 24, The sign of the frequency change
has been emphasized because the frequency decreases in all of the other

IT-VI compounds studied. The size of the frequency increase in ZnTe is

plotted in Figure V-25 against the relative light power, and it is noted
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that the relation A f« ¥T holds over most of the range of light intensity.
The frequency change is completely reversible, with an unmeasurably short

response time. No rf power absorption changes are seen at any light level.

Applying Eq. [2.31] with Af = L.47 x 1ou Hz, £ = 8.73 x 108 Hz,

12

G = 3.67T x 10—2, and ei = 102 gives B'Apt = ~-T.55 x 10”0 secgcm—3. The

fact that the frequency increases during excitation means either free
carriers or lightly bound carriers with w, < w produce the dielectric

change. The value of B' for either type is given by Eq. [2.29], with

w << 1/1, so that B' = —t2, If the value of 1 is 7.5 x 10-13 s

B! = -5.6 x 10727 sec® and bp or Ap.= 1.35 x 10%3 en™3,

ec, then

To decide whether free orrtrapped carriers are responsible for
the positive frequency change, the following facts are gathered from
the data which has been presented. 1) In photoconductivity measurements
at M.QOK, the free carrier density appeared to be less than lO5 cmf3.
2) The variation of Af with T as seen in figure V-24 could be caused
by a trap 0.29 meV above the valence band. 3) The variation Af « /T is
seen in figure V-25. 4) The excitation is produced by 1.96 eV photons,
while the bandgap is 2.4 eV. 5) Absorption data (figure V-23) reveals
an allowed transition to a level 0.4 to 0.8 eV from one of the bands.

The first point appears to rule out the free carrier explanation

3

since the freguency change results from about lOl holes/cm3, while

Ap < lO5 cm“3. The fact that the contacts are non-ohmic, however,
causes us to question the validity of the Ap measurement and to seek
other evidence for the model. The second point indicates that a hole
trap with an ionization energy of 0.29 meV exists. Equations [2.21] and

‘[2.16] reveal that B' for this trap is negative, so that carriers

trapped there could produce a positive frequency change.
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The Af « /T variation could be explained using a model with a
single hole trap or with a trap where retrapping effects are important.

9

Rose” shows that this variation could dlso result from free carriers
when there are electron traps, hole traps, and recombination centers in the
forbidden band¥. The density of trapped carriers also varies as VT
in Rose's model, and the condition Py >> p is required. Thus either
free or trapped carrier effects could give rise to the Af « /T
variation, but it appears more likely that the effect is caused by the
trapped carriers.
Since points 4) and 5) do not shed additional light on the
free vs trapped carrier question, we are forced to accept the trapped
carrier model, primarily on the basis of the first two points, although
the possibility of a free carrier effect can not be positively eliminated.
A simple model to explain the data must have a hole trap
0.29 meV from the valence band. Since it is populated by L.96 eV
photons, another discrete level must exist about 1.96 eV above the
valence band. A consistent model results if we assume the smaller peak
in figure V-23 represents a level about 0.5 eV from the conduction band,
or about 1.9 eV from the valence band. Assume that the laser light
excites an electron from the valence band to that level, which acts as an
electron trap or recombination center. The free hole left behind may
then either be trapped at the shallow level or recombine at the deep level.
¥ The model requires p + p, = Nr’ the density of recombination centers.
The model is referred to as the "transition range" model by Rose because
it covers the transition between the two situations p + p, >> N_ and

p +p, << Nr. The notation of Rose is altered here to treat holes
rather than electrons as the majority carrier.
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\

The great height and width of the 2u peak in the absorption experiment
suggests that the density of the deep level is large. The small values

of p and 1 observed at strong light levels suggests that the recombination
center also has a large capture cross section for holes. The fact that

Py >> p, although the trap is shallow means that it also has a large
capture cross section, and thus the /T dependence of Ap suggests that

the carrier density is subject to retraspping effects. The application of

Eq. [3.42] yields Pt(2'9 X lo—u)/Rpt(l.8) = 1.8 x lO31 em™?.  We expect

13 cm_3, in which case Rpt(l.8) >> 10_18 cm2.

p

that Pt(2.9 x 10’1*) >> 10

The product Ptspt is estimated to be 10

with p taken to be lO5 cm—3. This value for the product requires Pt or

cm, using Eq. [3.45]

Spt to have a value about 10 times larger than values normally encountered.

Furthermore, if it is assumed that n, = Py the value of R obtained with

pt
> =3 . -9 2 . . .
p = 10" cm ~ is about 10 7 cm , which is considered unreascnable large.

t

There are several possible reasons for the occurrence of these unlikely
results. The shallow level may somehow be related to the recombination
centerSO'that the necessity of the hole entering the valence band before
reaching the recombination center is eliminated. The existence of another
level, invisible to the photodielectric and standard experiments, could
also invalidate the model and results given here. It is felt, however,
that the most likely source of error is the lack of good contacts to the
photoconductor at low temperatures. If the true bias field in the ZnTe

is significantly lower than the applied field, then the calculated value
of p is less than the true value by the same amount, causing the calculated
value of Rpt to be too large. Unfortunately, the behavior of p cannot be
separated out of the photodielectric data because both free carriers and

holes at the shallow trap haﬁe the same value of B' and no variations in
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P are seen,
abs

A summary of the trapping and recombination parameters observed

in the ZnTe sample is given in Table V-k.



TABLE V-h
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Trapping and Recombination Parameters of ZnTe

o 2 -3
Level T Method T, ¥ Spt’ cm Pt’ cm
- ,

2.9x10 PD h.2
0.05 TsC acceptor
0.142 TSC >200 acceptor

Abs 300
1.8 PC 300

Abs 300 -18

PD h.2 >10 large

+ Measured from the valence band in eV.



CHAPTER VI,

RESULTS AND CONCLUSIONS

In the preceding chapter, results from both standard and photo-
dielectric experiments on four different II-VI samples were presented.
The behavior of the CdS:Al was analyzed independently with the photodi-
electric technique, and values for most of the parameters of the impurity
levels were obtained. The other samples were analyzed by using photodi-
electric data together with the data of the standard experiments. In the
following sections, the results are discussed, comparing the different
methods of obtaining parameter values. Suggestions for the application
of photodielectric measurement techniques are given, and recommendations
for further study are made.

ENERGY LEVELS

Four energy levels were found in the CdS:Al using only photodi-~
electric data, and as Table V-1 shows, the values tend to agree with the
values obtained in other ways. The photodielectric technique did not re-
veal the 0.35 eV trap in CdS:Al, probably because that level has a minimal
effect on low temperature energy transport. The standard experiments
failed to show the levels 0.007 and 1.3 eV below the conduction band, but
this may be a result of not using the proper temperatures and wavelengths
in the study.

The 0.13 eV level may be the same as the trap at 0.16 eV below

75

the conduction band reported by Bradberry and Spear and attributed to

singly ionized sulphur vacancies; levels near 0.1lh eV are often reported

78

in CdS'~. It was found by relating Af to E, with Eq. [2.31] after as-

t

suming a proportionality between An and S T dt. The degree of confidence

128
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in the value of Et obtained in this manner depends on the confidence in
calculating An, which in turn is relaxed to the light flux and absorp-
tion coefficient, two quantities which are difficult to measure. In other
samples ngt displaying the simple behavior of CdS:Al, calculation of Et
by way of Eq. [2.31] might involve some rather shaky assumptions.

A method judged to be better for calculating energies from
photodielectric data involves photodielectric decay. The 0.007 eV levels
seen in both CdS samples were found from decay measurements. Levels near
that depth have been reported by Itakura and To;ya,da,Th and Pedrotti and
ReynoldsullL in undoped CdS, but the origin of the levels is not clear. The
decay method is so insensitive to errors in the value of S, that values of

t

Et accurate to within about 25% may be found by assuming any reasonable

value of S this was demonstrated in both cases. The shallow traps in

£3
the tellurides were also discovered using photodielectric decay data. No
published reports of them have been found.

Energies of levels may also be found by relating peak wave-
lengths for photodielectric behavior to the ionization energy of a level.
The 0.17 eV trap in CdS:Ag, probably due to sulphur vacancies as discussed
previously ., was observed in this way, as was the 0.35 eV level. A level

L5

near 0.4 is expected in CdS:Ag ~, but there are also many reports of levels

h0,78. The

near 0.35 eV in materials not intentionally doped with silver
depth of the sensitizing center and the 0.775 eV level (both seen by many
other observersTB) in CdS:Al and the bandgap of CdTe were derived from
analysis of the photodielectric spectral response, and the bandgap of CdS
undoubtedly could have been determined if that had been the goal of the

experiments. Similarly, the fact that the ZnTe is sensitive to the
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sub~bandgap light from a He-Ne laser gives some idea of the location of
the killer center in that material. The depth of the sensitizing center
in CdS:Ag was found by equating the energy of the level to the energy of
the photons which were the best for gquenching.

Whenever a measurable parameter varies with T, such as n in

Eq. [3.15], or 7. in [3.16], the preferred method of determining Et is

d
to make measurements at several different temperatures. This allows the
temperature invariant parameters to be removed from the equation. For

example, [3.15] is replaced by [3.17] if two different measurement temp-

eratures are used; [3.17] does not depend on N The two different temp-

£
eratures must be close enough together to insure that the same energy

level determines the characteristics of the sample at both temperatures.
Often, this may be the only easy way to determine Et’ as in the case of

the shallow level in ZnTe.

CAPTURE AND RECOMBINATION CROSS SECTIONS

The cross sections can be calculated from photodielectric data
if a model is assumed for the energy level scheme. Admittedly, any model
must be a simplified approximation of the actual case, but it is usually
possible to choose a model after determining how the carrier densities
vary with light and how they interact with each other. Often several
simple approximations must be combined to explain the complicated behav-
ior of a sample; this is necessary for all of the samples described in
Chapter V because they all display several levels.

Once the model is chosen, the cross sections are found using the

56

trapping and recombination equations developed by Shockley and Read
5T

and

Hall”' and extended here in Chapter III. The most accurate values of S

t
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and Rt are likely to come from equations not involving the Boltzmann

factor, such as [3.7] and [3.11]. This is true because small changes in

E, /kT

the value of Et lead to large changes in e 1t and, therefore, a small

error in Et gives a large error in St or Rt'
When the equation involving the cross section contains the
Boltzmann factor, as Eq. [3.16] does, it is desirable to measure the ob-

servable guantity at two different temperatures. For example, the value

of 8, (0.007) in the CdS:Al is found by measuring T, in Eq. [3.31] at two

d
temperatures and finding Et (0.007). This wvalue is then used in Eq. [3.31]
to evaluate St'

If the proper model is not obvious, a preliminary calculation of
St and Nt using an assumed model may indicate whether the model assumed is
the proper choice. In CdTe, the model involving retrapping effects was
shown to be not applicable when a calculation using Eq. [3.42] yielded the
impossible result that Py > Pt'

FREE AND TRAPPED CARRIER DENSITIES

Carrier densities as a function of time may be directly observed
using photodielectric technigues. Frequently, however, several effects
occur simultaneously and must be separated; the filling of three electron
traps in CdS:Ag is resolved from frequency change data, and the effects
of free carriers and carriers in the T meV trap in CdS:Al are separated
using power absorption information. It is necessary to remember that B!
and B" are, in general, rapidly varying functions of ionization energy,
and effects of moderately shallow levels tend to be weighted more heavily
than effects of deep centers. In some ways this is a desirable feature;

for example, in CdTe the effects of 10ll cm,-3 weakly bound holes clearly
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gppear over the effects of » lOlll cm—3 holes in deeper traps. Obviously,

the same behavior tends to make the photodielectric effect insensitive to
carriers in deeper traps. Power absorption data is somewhat less valuable
than frequency change data in determining the time variation of carrier
densities because there is a wide range of energies at which B" does not
vary with Et' This fact prevents the separation of free hole effects from
trapped hole effects in CdTe, for example.

TRAP DENSITIES

The calculation of trap densities is a problem similar to the
calculation of capture and recombination cross sections because the proper
equations often involve the Boltzmann factor. In some cases, it is pos-
sible to find an imperfection density by making two measurements at dif-
ferent temperatures as described above.

Densities of levels are also estimated by saturating the levels,
measuring the concentration of trapped carriers, and then equating the two
densities. Any errors in this method are likely to be small, caused by
the failure to achieve the complete saturation that is assumed. Another
method of estimating trap densities is to measure Or assume the filling
rate for a trap at a constant light level, measure the time required for
the trap to saturate, and multiply the rate by the elapsed time. There
is much room for error in finding the filling rate and in the assumption
that this rate remains constant until the time saturation is accomplished.
Since the photodielectric response is proportional to the density of
trapped carriers, the filling rate is often evident. Obviously, the sat-
uration methods of finding two trap densities do not work if the trap
empties through recombination or thermal freeing, and partial emptying

causes the density estimate to be too large.
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MOBILITY

No mobility values were calculated in this study; instead, mobil-
ities were assumed in order to calculate other parameters. Ip does appear
possible, however, to use photodielectric techniques to find the order of
magnitude of carrier mobilities. The mobility of a carrier is related to
the momentum relaxation time by the simple relationh9

no= et/m¥ [6.1]

Photodielectric behavior depends very strongly on the value of 7. Equa-
tions [2.21] and [2.22] show the dependence of B' and B" on Tt.

Assume the simple case of w << 1/t1 so that for a free carrier B'
= - 12 (see Eq. [2.39]). Let a photosensitive sample be subjected to a
photodielectric experiment and then a photoconductivity experiment, using

identical temperatures and illumination. The frequency change due to ex-

cess free carriers is given by [2.31].

2
fG e 2
AT = 22 %o - AnT £6.2]
r o

The current change due to excess free carriers is given by

AT = ————“—Vﬁe An [6.3]

where I is current, V is the bias voltage, A is the effective ohmic con-

tact area, and & is the effective thickness of the sample. Eliminating

An and 1 from [6.1] through [6.3] yields

€ sze
=LL VA or [6.4]

AT &2 m¥*fG
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A sample calculation may be performed by using data from CdS:Ag tests.
Since no free carrier component of Af was observed, we may set an upper
bound of th Hz for Af. At 4.2°K the photocurrent for the conditions
of light used in the photodielectric test is v 6 x 10‘9 amps. Other
values are V = 6 volts, A/% = 0.1 cm, ei = 60, m¥ = 0.2 m, f = 107 Hz,
and G =~ 5 x 10_2. The result is u < 100 cm?/volt—sec, which does not
disagree with the value of 10 cmg/volt-sec used.

THERMALLY STIMULATED DIELECTRIC CONSTANT CHANGES

The preceding discussion has described the many ways in which
trapping and recombination parameters are found from the data of a photo-
dielectric experiment. In reality, a "photodielectric experiment" is many
different experiments which are similar in some ways to the standard ex-
periments described in Chapter I. TFor example, the photodielectric spec-
trum obtained for the CdS:Ag is roughly analogous to a phobtoconductivity
spectrum. One standard technique currently without a photodielectric
counterpart is the thermally stimulated conductivity experiment.

HartwigB3 has considered the question of performing a photodi-
electric experiment while warming the sample, in order to observe the emp~
tying of traps and ionization of donors and acceptors. Such a proposed
experiment is theoretically feasible and offers the same advantages over
TSC tests that photodielectric methods have over photoconductivity experi-
ments. The equations applicable to the analysis are the same as those pre-
sented in Chapters II and IV.

The model used to describe the movement of electrons during a
TSC experiment assumes that an electron in a shallow trap (small B", large

B') is excited thermally to the conduction band (large B", small B') where
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it remains for a time 2 and then enters the valence band (small B",

small B') by recombining. Similar behavior occurs for holes. It is a
good approximation in this simple case to write

f = fo - Ant [6.5]

Pabs = Po + Bnt + Cn [6.6]

where A, B, and C are collections of constants. It is frequently true
that the third term in Eq. [6.6] is greater than the second term. Thus,
since a THC peak corresponds to a peak in n or dnt/dt, it also corresponds

to a pesk in P or af/dt.

abs
In performing the proposed experiment, th¢ frequency and power
absorbed are plotted as a function of time while the sample is heated at
several different cons£ant heating rates. A plot of Kn(Tm/B) vs. l/Tm for
various values of B, the heating rate, then gives E, according to Eq. [4.9].
This value then may be used in [4.1] to find 8, or in [L.2] to find N T -
Use of [2.31] gives a value for the initial density of trapped
carriers, and the curve of Af vs. t is then converted into a plot of Ant

vs. t by properly relabeling the vertical axis. Once nt(T) and E_ are

known, Egs. [2.16] and [2.32] are used to find n(T), which has the same

shape as Pabs(T) when the effects due to trapped carriers are subtracted

from Pébs(T)' When n(Tm) and dnt(Tm)/dt are known, the lifetime found

by using
L A [6.71
L~ glan, /aT] '

Preliminary calculations based on simple models indicate the proposed

photodielectric experiment should compare favorably with the standard TSC



136

method in determining properties of traps within v 0.3 eV of the conduc-
tion band.
SUMMARY

It has been shown that photodielectric techniques, when applied
to a sample in a high Q superconducting microwave cavity, offer many ad-
vantages over standard experiments for analyzing low temperature trapping
and recombination in II-VI compounds. The high @ of a superconducting
cavity is necessary to insure that the sample maintains control of the
cavity frequency and power absorption, while the liquid helium bath pro-
vides constant temperature, inert surroundings. The cavity perturbation
technique is extremely sensitive to small material property changes. It
has been demonstrated that in some cases (CdTe, ZnTe) the photodielectric
experiment is clearly more sensitive than photoconductivity tests on the
same material.

There are many advantages of photodielectric technigues besides
the inherent sensitivity. The need to make ohmic contacts to the sample
is not present; the witchcraft associated with making ohmic contact to
some materials is forgotten, and powder samples may be tested. At high fre-
guencies used, space charge limitations vanish.

In the actual analysis of properties, the photodielectric mea-
surement directly gives the density of trapped carriers, which normally
must be inferred when standard tests are employed. Trap densities are
plotted as the traps fill and saturate or reach equilibrium. This extra
information simplifies the problem of selecting a model to describe the
behavior seen, and allows parameters to be calculated with fewer assump-
tions and more accurate results. The parameters which have been calcu-

lated include the ionization energy of the level, its density and the
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density of carriers there, and the capture and recombination cross sec-
tions. A rough measurement of mobility also appears to be possible.

Like the other techniques evaluated, the photodielectric method
has drawbacks. The temperaturée range available is very limited, the tech-
nique tends to be insensitive to deep levels and to levels which have
small effects on energy transport in the crystal, and trap energies can-
not always be calculated accurately. The best procedure to follow in
analyzing material properties is to apply as many measurement methods as
possible, so that the "extra" data may be used to check for consistency.
Photodielectric data is best used in calculating cross sections and den-

sities, given the energy of the level found by some other method.
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